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Predictive ZVS Control With Improved ZVS Time
Margin and Limited Variable Frequency Range
for a 99% Efficient, 130-W/in® MHz GaN
Totem-Pole PFC Rectifier

Qingyun Huang

Abstract—This paper proposes a predictive zero-voltage-
switching (ZVS) control with improved ZVS time margin and
limited variable switching frequency range for a 99% efficient
megahertz (MHz) GaN totem-pole power-factor-correction (PFC)
rectifier. The conventional ZVS control methods for totem-pole
PFC may lead to zero ZVS time margin and ultra-wide switching
frequency range. This paper proposes that the synchronous recti-
fier (SR) turn-OFF current is a new degree of freedom for the ZVS
control. Thus, the proposed cycle-by-cycle predictive ZVS control
method controls the SR turn-OFF currents to extend the ZVS time
margin and to reduce the maximum switching frequency. With
the proposed ZVS control, the minimum ZVS time margin and a
limited maximum switching frequency can be realized in a MHz
GaN-based totem-pole PFC. With the improved ZVS time margin,
the reliability for realizing ZVS is significantly improved. With
the limited maximum frequency and the limited frequency range,
the difficulty in high-speed current sensing and digital control is
reduced, and the frequency-related loss is also reduced, which is
important for improving the light-load efficiency. To accurately
extract the current and timing parameters for the proposed
ZVS control, an analytical model for the ZVS totem-pole PFC is
proposed. The proposed ZVS control and analytical model are ap-
plicable over the full input and output voltage range, and over the
full load range. In addition, a hybrid current control is proposed
and implemented based on the proposed ZVS control. Finally, a
3.2-kW MHz GaN totem-pole PFC prototype is developed and
tested with full-range ZVS, minimum ZVS time margin, limited
switching frequency range, 99% peak efficiency, and 130-W/in3
power density based on the proposed ZVS control and system
control strategy. The realized efficiency, power level, and power
density are among the best ever reported for the GaN-based
totem-pole PFC.

Index Terms—Gallium nitride (GaN), high density, high
efficiency, high frequency, limited frequency range, totem-pole
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margin.

1. INTRODUCTION

O accommodate the fast growing datacenter market, the
high-efficiency and high power density switching mode
ac/dc power supplies are needed as demonstrated by a num-
ber of industry and academic efforts [1]-[3]. Typically, a 48-V
motherboard requires a power-factor-correction (PFC) rectifier
front end followed by an isolated dc/dc converter. For many
years, the conventional boost PFC rectifier is used that has a
low cost due to a small number of high-frequency switches.
However, the efficiency is limited due to the high conduction
loss caused by the bridge diode rectifier in front of the boost
stage [4]-[7]. Many efforts are, therefore, made to remove
the diode bridge. The semi-bridgeless dual-boost PFC recti-
fier has two boost converters working alternatively, therefore, it
eliminates a line-frequency diode in the ac current conduction
path when compared with the conventional boost PFC rectifier
[8]-[11]. However, the conduction loss of the semi-bridgeless
dual boost PFC rectifier is still high due to the conduction loss
on the remaining high-frequency and line-frequency diodes. Be-
sides, the utilizations of the devices and inductors are limited
due to the alternative operation of the two boost converters.
The totem-pole bridgeless PFC rectifier as shown in Fig. 1
eliminates all the diodes in the ac current conduction path
[12]-[14]. During the positive half-line cycle, S, is always
ON; S3 is always OFF; S5 is the active switch; and §; is the
synchronous rectifier (SR) switch. During the negative half-line
cycle, Sy is always OFF; S3 is always ON; S is the active switch;
and Sy is the SR switch. The totem-pole PFC has much lower
conduction loss compared with the conventional boost PFC
and the semi-bridgeless dual-boost PFC [14]-[16]. Besides,
the totem-pole PFC has a higher utilization of the devices and
inductors. However, with Si super-junction (SJ) MOSFETS, the
totem-pole PFC cannot work under hard switching conditions
due to the severe reverse recovery issues of Si SJ MOSFETs [9].
The emerging 650-V gallium-nitride (GaN) devices eliminate
the reverse recovery issue [17]-[20]. Thus, by using the 650-V
GaN devices for §; and Sy as shown in Fig. 1, the totem-pole
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Fig. 1. Topology of Totem-pole PFC with GaN and Si MOSFETSs.
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Fig. 2. Equivalent circuit during the positive half-line cycle.

PFC can work under hard switching condition. Besides, due
to the ultra-high switching speed of the GaN devices, the
switching losses are also significantly reduced compared with
using Si MOSFETs [17]. The hard-switching GaN totem-pole
PFC with 99% efficiency has been reported in [3] and [16].
However, the switching frequency must be relatively low to
limit the switching loss, typically less than 120 kHz. Therefore,
the power density of the hard-switching GaN totem-pole PFC
rectifier is still similar to that of the conventional PFC rectifiers.
For the GaN devices, the turn-OFF loss is much less than
the turn-ON loss [17]-[18]. So, to significantly increase the
switching frequency, hence, the power density, the GaN-based
zero-voltage-switching (ZVS) totem-pole PFC has been demon-
strated [22]-[23] with high efficiency and high power density.
Since the turn-ON loss is eliminated, the switching loss is still
very low even if switching at megahertz (MHz) range. For MHz
ZVS GaN totem-pole PFC, the size of the main inductor and the
differential-mode (DM) filter are substantially reduced [21].
The MHz ZVS GaN totem-pole PFC has shown superior
performance compared with the conventional PFC rectifiers.
However, the ZVS control for the MHz GaN totem-pole PFC
is still a very challenging technical issue, since it requires high-
frequency cycle-by-cycle ZVS realization for the wide input
voltage range, wide load range, and wide frequency range. One
way to achieve ZVS is to operate the converter in the so-called
critical mode (CRM) [24]-[26]. The equivalent circuit of the
totem-pole PFC in the positive half-line cycle is shown in Fig. 2.
Figs. 3(a) and 4(a) show the theoretical operation waveforms
with the CRM control during the positive half-line cycle. As
shown in Fig. 3(a), the SR MOSFET S; is immediately turned
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Fig. 3. Theoretical waveforms with the state-of-the-art TCM ZVS control for
totem-pole PFC. (a) CRM mode when Vi, < 0.5Vyy. (b) QSW mode when
Vvin > 0-5‘/0ut-
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Fig. 4. State plane trajectories with the state-of-the-art TCM ZVS control for
totem-pole PFC. (a) CRM mode when Vi, < 0.5V, (b) QSW mode when
Vin > 0.5V

OFF after the inductor current ¢;, drops to zero. Then, the drain-
to-source voltage Vyso of the active switch S, is resonating to
zero (resonance between the inductor and the C,,, of S; and
S5). The ZVS time margin is noted as Tyyg. During Tyys,
Vis2 is clamped to zero, and S5 can be turned ON at any instant
during Tyvg for realizing ZVS of Sy. The corresponding state
plane trajectory is depicted in Fig. 4(a). And the characteristic
impedance Z, is formulated as

[ L
Ly = 1
20055 ( )

where C,; is the equivalent drain-to-source capacitance of Sp
and S5, and L is the main inductor. However, the CRM control
realizes ZVS only when the input voltage is lower than the half
of the output voltage (Vi, < 0.5V,y) [22], [29].

To achieve ZVS over the full input voltage range (from low
line to high line, from zero volt to the peak voltage), the triangu-
lar current mode (TCM) ZVS control method is reported in [22],
[23], and [27]-[30]. Fig. 3 shows the theoretical operation wave-
forms of the TCM ZVS control. Fig. 4 shows the corresponding
state plane trajectories of the TCM ZVS control. When the input
voltage is less than half of the output voltage (Vi, < 0.5V,y),
the TCM control makes the converter work at CRM as shown




HUANG et al.: PREDICTIVE ZVS CONTROL WITH IMPROVED ZVS TIME MARGIN AND LIMITED VARIABLE FREQUENCY RANGE

in Figs. 3(a) and 4(a). When the input voltage is higher than
the half of the output voltage (Vin > 0.5V4y), the TCM control
makes the converter work at quasi-square-wave (QSW) mode
with an extended SR conduction time [22], [23], [27]-[30]. The
extended SR conduction time allows the SR to be turned OFF
with a negative current igg o to aid the active switch achieving
the ZVS. As shown in Fig. 3(b), when V;, > 0.5V, during the
positive half-line cycle, the SR MOSEFT .5, is not immediately
turned OFF after the inductor current 77, drops to zero. On the
contrary, S7 conducts with the extended SR on-time T5go to
make the inductor current continually drop to isgr_ofr , Which is
the required negative current to achieve the ZVS. Then, after
S is turned OFF, the drain-to-source voltage Vise of Sy will
be resonant to zero. The corresponding state plane trajectory is
depicted in Fig. 4(b).

As shown in Figs. 3(b) and 4(b), this previously described
TCM control does not provide any ZVS time margin (1T7ys =
0) when Vj, > 0.5V [22], [23], [27]-[30]. With this state-of-
the-art TCM ZVS control, the negative current is only sufficient
to realize the ZVS for one instant when Vi, > 0.5V,. Thus, the
active switch S5 could still lose ZVS, even if Sy is turned ON
slightly before or after that instant. It is difficult to guarantee
ZVS for every switching cycle with this state-of-the-art TCM
ZVS control. The turn-ON loss may not be totally eliminated,
and the efficiency is impacted if the switching frequency is high.

In addition to the issue of zero ZVS time margin, the state-of-
the-art TCM ZVS control also does not provide any limit on the
switching frequency. The variable switching frequency can be-
come several MHz under light-load conditions, if the maximum
switching frequency under full load is around 1 MHz. This ultra-
high frequency severely impacts the light-load efficiency due to
the high turn-OFF loss, magnetic core loss and high-frequency
ac winding loss. Besides, it is also very challenging for the im-
plementation of the high speed current sensor and the digital
controller due to the high frequency and the wide frequency
range. The valley skipping technique can limit the switching
frequency [31], [32]. However, the valley skipping technique
requires additional valley detection. And the valley skipping
technique cannot continuously control the switching frequency.
The discontinuous frequency distribution causes additional con-
trol issue. Besides, the valley skipping technique introduces the
additional conduction loss due to the high-frequency ringing.

To solve these issues in the conventional TCM ZVS control,
this paper proposes a predictive ZVS control method for the
MHz GaN totem-pole PFC. The proposed predictive ZVS con-
trol can maintain the minimum ZVS time margin and limit the
maximum switching frequency over the full range of input and
output voltages and full range of the output power. This paper
proposes that the SR turn-OFF current igg off 1S a new degree of
freedom for the ZVS control. And when the SR turn-OFF current
is lower (more negative), the larger ZVS time margin and the
lower switching frequency can be achieved. Moreover, the ZVS
time margin and the switching frequency can be accurately and
continuously controlled by controlling the SR turn-OFF current.
Therefore, the proposed ZVS control method predictively con-
trols the SR turn-OFF current to satisfy the ZVS requirement,
the minimum ZVS margin requirement, and the maximum fre-
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quency limitation requirement. And, in this proposed ZVS con-
trol method, the SR turn-OFF current is predictively controlled
by the extended SR conduction time TsR . To accurately extract
the current and timing parameters for the proposed ZVS con-
trol, a detailed analytical model for the ZVS totem-pole PFC
is also developed. The proposed predictive ZVS control and
analytical model are applicable for the full range of the input
voltage (from low line to high line) and the full range of the
output power (from full load to light load). In addition, based
on the proposed predictive ZVS control, this paper proposes a
hybrid current control for the totem-pole PFC. The active switch
turn-OFF instant is determined by the peak current comparison.
The SR turn-OFF instant is determined by the required extended
SR conduction time, which achieves the required SR turn-OFF
current. This hybrid current control combines the benefits of the
current mode control and the time-based control. Preliminary
work on the proposed ZVS control and system control for the
GaN totem-pole PFC was presented in [15]. This paper improves
upon the work of [15] to include the detailed implementation
of the developed 3.2-kW GaN totem-pole PFC prototype that
achieves 99% efficiency and 130-W/in® power density, the en-
hanced experimental verification, and more details about the
proposed control algorithm and the system control diagrams.
This paper is organized as follows. In Section II, the de-
tailed descriptions of the proposed predictive ZVS control and
the proposed system control strategy with the hybrid current
control are included. Section III discusses the proposed analyt-
ical model for the ZVS totem-pole PFC. Section IV includes
the calculations of the required SR turn-OFF current and the re-
quired extended SR conduction time based on the proposed ZVS
control. Section V shows the improved ZVS time margin and
limited switching frequency with the proposed ZVS control. In
Section VI, a 3.2-kW-MHz ZVS GaN totem-pole PFC prototype
with 99% efficiency, 130-W/in® power density is developed and
tested to verify the proposed predictive ZVS control and current
control strategy. Finally, Section VII concludes this paper.

II. PROPOSED PREDICTIVE ZVS CONTROL
AND SYSTEM CONTROL STRATEGY

A. Description of the Proposed Predictive ZVS Control

The basic operation principles of the proposed predictive ZVS
control is illustrated by the theoretical operation waveforms and
the state plane trajectory as shown in Fig. 5. All the discussions
are still based on the positive half-line cycle (V, > 0) equivalent
circuit as shown in Fig. 2. The analysis and discussions for the
negative half-line cycle are similar. The only difference is that
the roles of the Sy and S5 are interchanged.

As shown in Fig. 5, during the resonant time 7}, S1, and
Sy are both turned OFF. The S5 drain-to-source voltage V4o is
charged from zero to V. The inductor current iy, is resonant
from the active switch turn-OFF current 7,g to the SR turn-ON
current igg on. The inductor peak current is 7. During the SR
conduction time Tgr1, 57 is turned ON, and Sy is turned OFF.
The inductor current i, decreases linearly from igg o, to zero.
During the extended SR conduction time T5R 2, S is still ON,and
Ss is still OFF. The inductor current i, decreases linearly from
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Fig. 5. (a) Operation waveforms based on the proposed predictive ZVS

control. (b) State plane trajectory based on the proposed predictive ZVS control.

isrR.on to the SR turn-OFF current tgg_off. During the resonant
time Tyo, S7 and Sy are both turned OFF. Vg4 is discharged
from V,; to zero. The inductor current iy, is resonant from
the SR turn-OFF current isg o to the active switch Sy turn-ON
current ¢,,, . The inductor valley current is ¢,]. During the active
switch conduction time 7, the inductor current 7;, increases
linearly from 4,y to 7o¢. At the beginning of T,,,,, the equivalent
“body diode,” which is the third quadrant conduction of S5 is
conducting first. Then, S, can be turned ON at any instant during
the ZVS time margin 7Tyvs.

For the conventional TCM ZVS control [22], [23], [27]-[30],
the SR turn-OFF current isg o (a negative current) is only re-
quired to be the maximum current isg off | zvs to achieve ZVS,
which is calculated as

. V, 2V, — V&
ISR off ‘ZVS = - maX{O(ZQOHt),O}. 2)

n

However, the state plane trajectory depicted in Fig. 5(b) shows
that if isr_ofr 1S lower (more negative), the initial energy stored
in the inductor is larger for charging the C,s of S; and for
discharging the Cygs of Sy. Therefore, the ZVS time margin
Tyvs is larger. In addition, the operation waveforms in Fig. 5(a)
show that if igg_ofr iS lower (more negative), the inductor valley
current is lower and the inductor peak current is higher. Thus,
the switching period is longer, and the switching frequency
is lower. In addition, the ZVS time margin and the switching
frequency can be accurately and continuously controlled by
controlling the SR turn-OFF current (this will be illustrated in
the next sections). Thus, the SR turn-OFF current is a new degree
of freedom for the ZVS control. Therefore, in this paper, the
proposed predictive ZVS control method predictively controls
the SR turn-OFF current isgr ot (a negative current) to be the
maximum value while achieving the ZVS, the minimum ZVS
time margin and the maximum switching frequency limitation
for the full range of the input voltage and the full range of
the output power. The optimization procedure for calculating
the required SR turn-OFF current based on the proposed ZVS
control method is illustrated in Fig. 6. Tzys_min 1S the required
minimum ZVS time margin, and f_y.x is the allowed maximum
switching frequency.
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Fig. 7. Theoretical waveforms in the positive half line cycle based on the
proposed ZVS control and system control strategy.

As shown in Fig. 6, for the ZVS requirement, the SR turn-OFF
current iR of should not be higher than igg ofr | zvs as

ISR off < ISR.off |ZVS - 3)

For the minimum ZVS time margin requirement, the ZVS
time margin 7Tyvg should not be less than T7ys_min as

Tyzvs 2 T7vsmin- (€]

For the switching frequency limitation requirement, the
switching frequency f; should not be higher than f; .« as

fS S fs,max- (5)

Then, with the proposed ZVS control method, the SR turn-
OFF current ¢gg_ofr 1S predictively controlled by the extended SR
conduction time Tgrso, which is also calculated based on the
system parameters and the sensed signals. The detailed mathe-
matical model and the implementation of the controller will be
illustrated in the next sections.

B. System Control Strategy With Hybrid Current Control

The theoretical waveforms in the positive half line cycle are
shown in Fig. 7. Based on the proposed predictive ZVS control, a
system control strategy is proposed in this paper. In this proposed
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Fig. 8. Simplified control diagram of the proposed system control strategy.

control strategy, the turn-OFF instant of the SR is determined
by the zero-crossing-detection (ZCD) signal and the required
extended SR conduction time 75R». The turn-OFF instant of the
active switch is determined by the instantaneous peak current
comparison. This control strategy combines the current mode
control and the time-based current control.

The simplified control diagram is shown in Fig. 8. i,.¢ is the
absolute value of the ac current reference. V;, is the absolute
value of the ac voltage v;,,. Then, %t is the product of the volt-
age loop controller output and Vi, . The ZCD signal is generated
by sensing the inductor current if,. With input signals (i¢f, Viy,
and V) and the system parameters (L, Cogss, T7vs.min, and
fs.max), the proposed predictive ZVS control generates the re-
quired SR turn-OFF current igg_off as presented in Fig. 6. Then,
the extended SR conduction time Tgrs is calculated based
on the aforementioned input signals and system parameters to
achieve the required SR turn-OFF current ¢sg_off- Therefore, after
the controller obtains the ZCD signal, the SR is conducting for
the extended SR conduction time 7T5gs. After T5g2, the SR is
turned OFF and the active switch is turned ON. Thus, the turn-
OFF instant of the SR is determined by the time-based current
control.

The peak current reference iy _rer 18 also calculated based on
the input signals (isg_off, refs Vin, and Vyyu¢) and the system
parameters (L and Clgs). Then, the sensed inductor current i, is
compared with the peak current reference 7y ror to generate the
active switch turn-OFF signal. Thus, the turn-OFF instant of the
active switch is determined by the current mode control.

In this hybrid control strategy, the timer is synchronized to
the ZCD signal cycle by cycle. Thus, all the ON/OFF time of the
SR and the active switch can be limited by the timer. This is the
benefit of the time-based current control. Moreover, the peak
current comparison can limit the peak current cycle by cycle,
and this is the benefit of the current mode control. Therefore, the
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proposed control strategy combines the strengths of the current
mode control and the time-based control.

In addition, for the totem-pole PFC, in the positive half-line
cycle, Sy is the SR, and S5 is the active switch; in the negative
half-line cycle, S is the active switch and .S is the SR. Thus,
the polarity of the analog comparator is changed according to
the polarity of the input voltage v;, as shown in Fig. 8. The
gating signals for S and Sy are also synthesized by the polarity
of vy, . Moreover, the gating signals for line-frequency switches
Ss and S, are directly determined by the polarity of vy, .

III. ANALYTICAL MODEL FOR ZVS TOTEM-POLE PFC

The previous section describes the basic operation principles
of the proposed predictive ZVS control. Based on the previous
discussion, it is known that, the SR turn-OFF current isg o 1S
another degree of freedom for the ZVS control. This section
presents an analytical model for the proposed ZVS control.
And all the discussion is based on the positive half-line cycle.
And all the following calculations can be obtained based on
Fig. 5(a) and (b).

In this analytical model, the SR turn-OFF current igg_ofr 1S an
input parameter. Thus, based on the analysis of the resonance
during 79 as shown in Fig. 5(b), the inductor valley current %,
is expressed as

. V - ‘/in : .
fyal = —\/<Outh) + iR ofr (©)

With this valley current, the turn-ON current ., of the active
switch is formulated as

(N

The required inductor peak current 4, which is determined
by the valley current i, and the required inductor average
current 7,y , is formulated as

7:pk = 2iavg — fyal- (8)
And, the required average current i, is calculated as

‘ . V2P .
lavg = fref = VQioutsm(%rth) )
in_rms

where P, is the output power, Vipms is the RMS value of
the input voltage, 7,0¢ is the reference of the inductor average
current, and f;, is the ac line frequency. Then, based on the
waveforms during 7, and 731 as shown in Fig. 5(a) and (b), the
active switch turn-OFF current 7,4 and the SR turn-ON current

1SR on are formulated as
2
i2 < vqn )
=
p Zn

) 5 (Vou = Vi )
2SR _on = Zpk— T .

Therefore, if the SR turn-OFF current igg o is given, all the
other current values can be calculated based on (6)~(11).

loff = (10)

(1)
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IV. REQUIRED SR TURN-OFF CURRENT AND EXTENDED
SR CONDUCTION TIME

With the proposed ZVS control, the required SR turn-OFF cur-
rent isg_ofr 1s determined by the ZVS requirement, the minimum
ZVS time margin requirement, and the maximum frequency
limitation requirement. All the calculations to find the required
SR turn-OFF current isg_ofr are based on the proposed optimiza-
tion procedure as shown in Fig 6. Again, all the analysis in
this section is based on the positive half-line cycle. For the
ZVS requirement, the required SR turn-OFF current g _off |Zvs
is calculated in (2). Thus, the SR turn-OFF current igg o cannot
be higher than isg ot | zvs. For the other two requirements, the
required SR turn-OFF currents are analyzed as follows.

A. Minimum ZVS Time Margin Requirement

As shown in Fig. 5, during the ZVS time margin 77ys, the
inductor current linearly increases from 7., to zero. Therefore,
Tyvs is calculated as

ion
Tzvs = —L—.

12
‘/vill ( )
According to (6) and (7), i,, is expressed as
. V:)u V:)u - 2‘/111 .
ton = _\/ t( th ) + Z%R,oﬁ" (13)
n
Thus, the ZVS time margin 77vs can be expressed as
L VZ)u‘ Vu - 2‘/;11 .
Tyvs = v{»/ it Oé; )<+2§Rﬁﬂ. (14)

As shown in the aforementioned equation, the ZVS time mar-
gin can be continuously controlled by the SR turn-OFF current
1SR off- And if 7gr_ofr 1S lower (more negative in magnitude), the
ZVS time margin Tyvyg is larger. According to the ZVS time
margin requirement, the ZVS time margin 77vg should not be
lower than the required minimum ZVS time margin 77vs_min, aS
discussed in (4). Based on (4) and (12)~(14), the SR turn-OFF
current isg_off should satisfy the following inequation for the
minimum ZVS time margin requirement. The ZVS time margin
related item k; is also denoted as follows:

V; 2‘/; _%11 T Jninvin ’
R = k1 = ( =3 ) +( Ak ) . (15)

L

However, the lower the SR turn-OFF current igg ot 1S (Imore
negative in magnitude), the larger the circulating energy is. Thus,
ISR off | Tyy s >Tyvs i » Which should be the maximum SR turn-
OFF current (a negative current) satisfying the minimum ZVS
time margin requirement, can be calculated as

= —y/max{k;, O0}.

According to (15) and (16), this minimum ZVS time margin
requirement is only dependent on Vi, and V., if the circuit
parameters are fixed.

(16)

LSR_off |Tz vs 2T7vS min
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B. Maximum Switching Frequency Limitation Requirement

To simplify the calculation of the switching period 7}, the
inductor current can be modeled as linearly increasing from 7,
to iy, and then, linearly decreasing from iy to iy, [29]. Thus,
the switching period 7 and the switching frequency f; can be
expressed as

1 Z.pk - Z.val Z.pk - Z.val
TS f S L V;n M L Vz)ut - VI
where ¢, and ¢y, can be expressed by the SR turn-OFF current
by isr.off based on (6)~(9). As shown in Fig. 5(a), if isg_of
is lower (more negative), the switching frequency f, is lower.
According to the maximum switching frequency limitation re-
quirement, the switching frequency f; should not be higher
than the required maximum switching frequency f_nax, as pre-
sented in (5). Based on (5) and (17), the SR turn-OFF current
1sr_off Should satisfy the following inequation for the maximum
switching frequency limitation requirement. The switching fre-
quency related item k- is also denoted as follows:

‘ Ve (Vour — Vin) ?
iSror 2 o = [ma"{ 2L fowamm Vot 20

- V:)ut - V; ’
Zn '

Again, the lower the SR turn-OFF current iggr_off 1S (more
negative in magnitude), the larger the circulating energy is. Thus,
ISR _off | fow <fow max » Which should be the maximum SR turn-OFF
current (a negative current) satisfying the maximum switching
frequency limitation requirement, can be calculated as

= —y/max{ky, O0}.

According to (18) and (19), this maximum switching fre-
quency limitation requirement is not only dependent on V;,, and
Vout but also dependent on the output power Py, which is
related to the average inductor current 7,y .

A7)

(18)

ISR _off

19)

fow Sfowmax

C. Required SR Turn-off Current

Combining all the aforementioned requirements, the SR turn-
OFF current (a negative current) should be controlled as the
maximum value that satisfies all the ZVS requirement, the min-
imum ZVS time margin requirement and the maximum switch-
ing frequency limitation requirement. The required SR turn-OFF
current igr o 1S formulated as

Z’SRioﬂ‘ = —\/max{07 k’l, k‘g}.

This equation means that the required SR turn-OFF current
isr_off 18 determined by the maximum value among k1, k-, and
zero. And, k; and k, have been expressed in (15) and (18),
respectively. The values calculated in (20) are the solutions of
the proposed optimization procedure for calculating the required
SR turn-OFF current based on the proposed ZVS control method.

Fig. 9 shows the required SR turn-OFF currents iggr_off under
different load conditions. The parameters for Fig. 9 are listed as
follows: Vi, = 240 VAC, Vou, =400V, P,y = 1.6 kW, L =
9.5 uH, Coss = 120 pF, Tzys_min = 30 ns, and f5_max = 1.5 MHz.

(20)
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Fig. 9. (a) Required SR turn-OFF current under the full-load condition.
(b) Required SR turn-OFF current under 20% of the full load condition.

Under the heavy load condition, the required SR turn-OFF cur-
rent isg_ofr 1S shown in Fig. 9(a). In Fig. 9(a), when k; > ko and
k1 > 0, the required SR turn-OFF current igg_of iS determined
by the minimum ZVS time margin requirement; when k; < 0
and ko < 0, isr_ofr 1S determined by the ZVS requirement. Under
the heavy load condition, since the original maximum switching
frequency under heavy load condition is less than the maximum
switching frequency limitation fs ., the required SR turn-off
current isr_off is dominated by the ZVS requirement and the min-
imum ZVS time margin requirement. At 20% load, the required
SR turn-OFF current isgr _of is shown in Fig. 9(b). In Fig. 9(b),
when k; > ko and k; > 0, the required SR turn-OFF current
isRr_off 1S determined by the minimum ZVS time margin require-
ment; when ks > k; and ko > 0, isg o is determined by the
maximum frequency limitation requirement; and when k; < 0
and ky < 0, isr_ofr is determined by the ZVS requirement.

D. Extended SR Conduction Time

As discussed previously, the proposed hybrid current control
combines the current mode control and the time-based control.
The active switch turn-OFF instant is determined by the peak
current comparison. And the SR turn-OFF instant is determined
by the ZCD signal and the required extended SR conduction
time Tgro2. During the extended SR conduction time 7gRo,
the inductor current is linearly decreasing. And the SR turn-
OFF current isg_of 1S linearly controlled by Tsro. Therefore, by
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Fig. 10. (a) ZVS time margin distribution under the full-load condition.
(b) ZVS time margin distribution under 20% of the full-load condition.

controlling the extended SR conduction time 752, the SR turn-
OFF current isg_off can be predictively controlled as the required
value defined in (20) to satisfy all the aforementioned require-
ments, including the ZVS requirement, the minimum ZVS time
margin requirement, and the maximum frequency limitation re-
quirement. Therefore, the extended SR conduction time TgR» is
calculated as

ISR off

Topo = —L—220
Sh V:)ut - ‘/in

(21)
where the required SR turn-OFF current ¢sg o 1S obtained
in (20).

V. IMPROVED ZVS TIME MARGIN AND LIMITED
SWITCHING FREQUENCY

With the proposed ZVS control, the ZVS time margin can be
improved, and the switching frequency can be limited based on
the system requirements. Figs. 10 and 11 show the improved
ZVS time margin and the limited switching frequency respec-
tively. The parameters for Figs. 10 and 11 are the same with those
for Fig. 9, which are listed again as follows: Vi, = 240 VAC,
Vour = 400V, Py = 1.6 kW, L = 9.5 uH, Coss = 120 pF,
T7vs.min = 30 ns, and f; n.x = 1.5 MHz.

Fig. 10(a) shows the ZVS time margin distributions under
the full load condition with the conventional TCM ZVS control
and the proposed ZVS control. As shown in Fig. 10(a), with the
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Fig. 11. (a) Switching frequency distribution with the conventional TCM

control. (b) Switching frequency distribution with the proposed ZVS control.

conventional TCM ZVS control, the ZVS time margin is zero
when Vi, > 0.5V,,. However, with the proposed ZVS control,
the ZVS time margin can be kept no less than 30 ns, which
is the required minimum ZVS time margin. Fig. 10(b) shows
the ZVS time margin distribution under 20% of the full load
condition. As shown in Fig. 10(b), the ZVS time margin is
increased when the maximum switching frequency limitation
dominates the required SR turn-OFF current.

Fig. 11(a) shows the switching frequency distribution with
the conventional TCM ZVS control from the full load to 5%
of the full load. As shown in Fig. 11(a), the switching fre-
quency freely runs to about 4 MHz. The ultra-high frequency
is a big challenge for the design of the high-speed current sen-
sor and the digital controller. Besides, under the light load, the
high-frequency-related loss, such as the switching turn-OFF loss,
magnetic core loss and high-frequency ac-current-related con-
duction loss, should severely reduce the efficiency.

Fig. 11(b) shows the switching frequency distribution with
this proposed ZVS control method from full load to 5% of
the full load. This figure shows the limited switching fre-
quency range. The maximum frequency is accurately clamped
to 1.5 MHz. Under full load condition, the maximum frequency
15 0.95 MHz. When the load decreases to about half load, the fre-
quency clamping starts to work. And during a short time under
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Fig. 12.

Prototype of the proposed 3.2-kW GaN totem-pole PFC.

the half load condition, the frequency is clamped to 1.5 MHz.
However, when the load decreases to even the lighter load, the
frequency clamping works for a much longer time. Due to this
frequency limitation, it is much easier for the design of the high-
speed current sensor and the digital controller. In addition, under
the light load, the frequency-related loss should be significantly
reduced.

VI. HARDWARE IMPLEMENTATION AND
EXPERIMENTAL VERIFICATION

To verify the proposed ZVS control method and system con-
trol strategy for the MHz GaN totem-pole PFC, a 3.2-kW GaN-
based totem-pole PFC prototype with peak 99% efficiency is
implemented in this paper, as shown in Fig. 12. There are two
interleaved GaN totem-pole PFC phases in this prototype, and
each phase is 1.6 kW. The size of this prototype is 7.9 in x
1.8in x 1.8 in. The power density is about 130 W/in?. Since the
two-phase interleaving control is beyond the scope of this paper,
only the testing for a single-phase 1.6-kW GaN totem-pole PFC
is presented in this paper.

Both .S; and S5 use two 650-V driver-integrated eMode GaN
devices (Navitas NV6117, 650 V, 120 mf?) in parallel. In the
Si leg, both S5 and S, use two Si SJ MOSFETs IPL65R070C7
(650 V, 75 m() in parallel. The inductor uses a Ferrite core
ELP32 with Hitachi material ML91S. And for the winding, the
inductor uses the litz-wire 46/920. And the inductance is 9.5 pH.
The dc-link bulky capacitors are four E-caps (450BXW120-
MEFR18X35) in parallel. The control system as shown in Fig. 8
is implemented in a single TI DSP TMS320F28075, which has
a 120-MHz system clock. The maximum switching frequency
limitation fs max is 1.5 MHz and the required minimum ZVS
time margin 7Tzys_min 1S 30 ns. 1.5 MHz is close to the maxi-
mum switching frequency under the half load condition without
frequency clamping. And choosing 1.5 MHz as the maximum
switching frequency is a tradeoff between the conduction loss
and the frequency-related loss. The reason to choose 30 ns as
the minimum ZVS time margin is that the distribution of the
total delay of the isolator, the driver (integrated with the GaN
FET) and the sensor is about 30 ns. The parameters for experi-
ments are the same with the previous parameters, and they are
summarized again as follows: Vi, = 240 VAC, V,,; = 400V,
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MCU

Neutralo— §

Fig. 13.  Current sensing and ZCD circuits.

Pout = 1.6 kW, L = 9.5 uH, Cyss = 120 pF, Tzys_min = 30 ns,
and fs_nax = 1.5 MHz.

The high-speed current sensing is another challenge in this
high-frequency converter. To avoid the isolated high-speed cur-
rent sensing, this paper proposes to put the control signal ground
to the ac side. As shown in Fig. 13, one terminal of the sensing
resistor is connected to the line point of the ac voltage. And,
the half of the control power supply V.. is connected to the
other terminal of the sensing resistor. Then, the sensed voltage
of R; is level shifted to a positive voltage. The ZCD signal is
the output of a high-speed comparator. And the ZCD signal can
be directly connected to the micro-controller unit (MCU). The
sensed inductor current signal is processed by a high-speed op-
erational amplifier (OPAMP), and then transferred to the MCU
for instantaneous comparison. Since there is no isolation for the
current sensing with the proposed sensing solution, there is no
digital isolator for transferring the ZCD signal, and the current
sensing circuit is also very simple. The shunt resistor used is
LVK25R005FER (5 mS2, four terminals, and wide 2512 pack-
age). The OPAMP used is OPAS38IDBVR. The comparator
used is LMV7219. In Fig. 13, the auxiliary power is provided
from the output dc link through an isolated converter. PGND is
the power ground, which is the negative terminal of the dc link.
SGND is the control circuit ground.

As discussed previously, with the conventional TCM ZVS
control [22], [29], partial ZVS may occur, since there is no
ZVS time margin when the input voltage is higher than half
of the output voltage. Fig. 14 shows the partial ZVS switching
waveforms with the conventional TCM ZVS control. The testing
conditions of Fig. 14 are as follows: Vi, =300V, V,,; =400V,
Iy = 1.5 A, and f; = 1.1 MHz. As shown in Fig. 14(a), the SR
turn-OFF current is only sufficient to make the drain-to-source
voltage vqso of Sy, resonant to zero at one instant. Therefore,
when S, is turned-ON 30 ns after the ZVS instant, vgse will
be resonant back to 60 V as shown in Fig. 14(a). Thus, S is
turned ON with partial ZVS. As shown in Fig. 14(b), when Sy
is turned ON 30 ns before the ZVS instant, S, is also turned ON
with partial ZVS. In Fig. 14(a) and (b), although .55 is turned ON
under the voltages that are much less than the output dc voltage,
the switching loss is still considerable especially under MHz
switching frequency and light-load conditions.
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Fig. 14.  Partial ZVS switching waveforms with the conventional TCM ZVS

control, when there is no ZVS time margin under the following conditions
Vin =300V, Voui =400V, I;;, = 1.5 A. (a) Turn ON Sy after the available
ZVS instant. (b) Turn ON Sy before the available ZVS instant.

However, with the proposed ZVS control, ZVS operation
can be achieved at any instant during the improved ZVS time
margin 7,5 as discussed previously. Fig. 15 shows the ZVS
switching waveforms with improved ZVS time margin based
on the proposed ZVS control. The testing conditions of Fig. 15
are as follows: Vi, =300V, Vot =400V, I, = 1.5A,and f; =
1.0 MHz. Fig. 15(a) shows the ZVS waveforms within several
switching cycles. And Fig. 15(b) is the zoomed-in picture of
Fig. 15(a). Compared with the conventional TCM ZVS control,
the proposed ZVS control introduces more negative SR turn-
OFF current. Then, the ZVS time margin is improved, and the
switching frequency is also reduced.

Fig. 16 shows the ZVS operation waveforms for the devel-
oped GaN totem-pole PFC with the proposed ZVS control dur-
ing the positive half-line cycle. The full-load testing waveforms
are shown in Fig. 16(a) and (b), and the full-load testing con-
ditions are as follows: P,,; = 1.6 kW and V,,; = 400 V. In
Fig. 16(a), Vi, = 340 V, and in Fig. 16(b), Vi, = 130 V. As
shown in Fig. 16(a) and (b), whenever Vi, is less or more than
0.5 Vout, ZVS can always be realized with the proposed ZVS
control. The switching frequency in Fig. 16(a) is 270 kHz, and
the switching frequency in Fig. 16(b) is 920 kHz. Both the
switching frequencies in Fig. 16(a) and (b) are conformed with
the calculations based on the proposed ZVS control. The light-
load testing waveforms are shown in Fig. 16(c), and the light-
load testing conditions are as follows: P,,; = 0.32 kW and
Vout = 400 V. Fig. 16(c) shows that, at light load, ZVS can be
achieved and the switching frequency is limited to 1.5 MHz with
the proposed ZVS control. Therefore, the proposed ZVS con-
trol, which predictively controls the SR turn-OFF current to the
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Fig. 15. ZVS switching waveforms with improved ZVS time margin based on
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400 V, and [;, = 1.5 A. (a) ZVS switching waveforms with several switching
cycles. (b) zoomed-in ZVS switching waveforms.

required value as (20), not only gives enough margin to guaran-
tee ZVS, but also limits the maximum frequency to the required
value.

Fig. 17 shows the comparison of the measured switching
frequency distribution and the calculated switching frequency
distribution. The measured frequency distribution accurately
matches the calculated switching frequency, with the proposed
predictive ZVS control.

Fig. 18 demonstrates full-load operation waveforms during
several line cycles. Fig. 18 shows that, with the proposed ZVS
control and hybrid current control, the peak and valley currents
of the inductor are well controlled. Besides, the ac input current
is also controlled to be sinusoidal ac wave shape.

Fig. 19 shows the start-up waveforms of the totem-pole PFC
with the proposed ZVS and system control. Before start-up, the
output voltage is charged to the peak value of the ac voltage
through a bridge diode. Then, the totem-pole PFC is softly
started with zero load. Even during the zero-load soft start, the
peak and valley currents of the inductor are still well controlled
for ZVS operation and ac current regulation. When the output
voltage reaches around 400 V, the load is connected, and the
full-load operation is started. Thus, the soft start-up performance
of the totem-pole PFC with the proposed control is shown in
Fig. 19.

Fig. 20 shows the efficiency curve of this developed GaN
totem-pole PFC from 10% to 100% of full load. The efficiency
is measured by the power analyzer YOKOGAWA WT3000E.
From half load to full load, the efficiency exceeds 99% and the
curve is flat during this load range. With the decrease of the
load, the efficiency also decreases. However, the efficiency is
still around 98%. Even at 10% of full load, the efficiency is also
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Fig. 16.  ZVS operation waveforms with the proposed ZVS control during the

positive half-line cycle. (a) Pyt = 1.6 kW, Vo = 400V, Vi, = 340V, and
fs = 270 kHz. (b) Poyy = 1.6 kW, Voyuy = 400 V, Vi, = 130 V, and f;, =
920 kHz. (¢) Pout = 320 W, Vo =400V, Vi, = 180V, and f; = 1.5 MHz.

kept around 97%. This great performance of efficiency is con-
tributed by the proposed ZVS control. As shown in Fig. 9(a),
at heavy load, this totem-pole PFC works with ZVS require-
ment and minimum ZVS time margin requirement, therefore,
the heavy-load efficiency benefits by the ZVS operation and
low circulating current. As shown in Fig. 9(b), at the light load,
the switching frequency is clamped by the maximum switching
frequency limitation requirement, therefore, the light-load effi-
ciency benefits by the ZVS operation and the greatly reduced
frequency related loss, such as the ac winding loss, core loss
and switching turn-off loss. The proposed ZVS control achieves
a good tradeoff between the conduction loss and the frequency-
related loss. This measured efficiency does not include the loss
of the dc fan and the micro-controller, since the dc fan and
the micro-controller are shared by the whole two-phase 3.2-kW
system. And the loss of the dc fan is 1.5 W. And the loss on the
micro-controller is 2 W.

The loss breakdown under the full-load 1.6-kW condition
has been analyzed in Fig. 21. Under the full-load condition, the
maximum frequency is 0.95 MHz as shown in Fig. 17. There
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is no turn-ON loss due to the proposed full range ZVS control.
The turn-OFF loss is only 2 W due to the utilization of GaN
devices. As shown in Fig. 21, for the ZVS totem-pole PFC, the
GaN conduction loss and the inductor loss dominate the total
power loss. Therefore, using the GaN devices that have lower
ON-resistances can further improve the efficiency.

VII. CONCLUSION

In this paper, a predictive ZVS control with improved ZVS
time margin and limited switching frequency range for a 99%
efficient MHz ZVS GaN totem-pole PFC rectifier is proposed
and analyzed. First, this paper proposes that the SR turn-OFF
current is a new degree of freedom for the ZVS control. And,
by controlling the SR turn-OFF current, the ZVS time margin
and the switching frequency can be accurately and continu-
ously controlled. Thus, this paper proposes to control the SR
turn-OFF currents to extend the ZVS time margin and reduce
the maximum switching frequency. In this paper, the proposed
predictive ZVS control method predictively controls the SR
turn-OFF currents to be the required values that satisfy all the
ZVS requirement, the minimum ZVS margin requirement and
the maximum frequency limitation requirement. Then, the pro-
posed predictive ZVS control achieves the minimum ZVS time
margin and the maximum switching frequency limitation for
the full range of the input and output voltages and the full range
of the output power. The extended ZVS time margin improves
the reliability for ZVS realization. The limited maximum fre-
quency and the limited frequency range reduce the difficulty
for the high-speed current sensing and the digital control, and
also reduce the frequency-related loss especially under light-
load conditions. In this proposed ZVS control, the SR turn-OFF
current is predictively and accurately controlled by the extended
SR conduction time 75y 2. Moreover, an analytical model of the
ZVS totem-pole PFC is proposed to accurately extract all the
current and timing parameters for the proposed ZVS control.
The proposed ZVS control and analytical model are applicable
for the full range of the input and output voltages, and for the
fullrange of the load. Based on the proposed ZVS control, a hy-
brid current control is also proposed. In this current control, the
peak current comparison generates the active switch turn-OFF
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instant. And, the required extended SR conduction time gen-
erates the SR turn-OFF instant. Therefore, this hybrid current
control combines the benefits of the current mode control and
the time-based control. Finally, a 3.2-kW MHz GaN totem-pole
PFC prototype is developed and tested with the full range ZVS,
minimum ZVS time margin, limited switching frequency range,
99% peak efficiency, and 130-W/in® power density based on
the proposed ZVS control and system control strategy. With the
proposed ZVS control method, the system efficiency exceeds
99% from the half load to full load. For the light load, with the
frequency clamping, the efficiency is still around 98%. Even at
10% of the full load, the efficiency is also kept about 97%.
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