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Abstract—The proposed GaN-based hybrid gate driver consists
of two types of inverters and achieves a low quiescent current (Ig)
of 23.2 pA with a fast-operating frequency of 25 MHz. At the
same time, the automatic precharge technique senses the voltage of
the bootstrapped capacitor and reduces the standby mode leakage
current (Irxc) from a few milliamps to 62 pA. Therefore, the
efficiency is greater than 92% at the entire output load. Finally,
the soft startup clamping technique limits the peak voltage from
2.51kV to 620 V, reducing power consumption during soft-start and
preventing 650 V GaN devices from being damaged by high-voltage
stress. As a result, the LLC converter achieves a peak efficiency of
98.6% and complies with the 80 Plus Titanium and Energy Star
standards for power supply units.

Index Terms—Automatic precharge technique, LLC series
resonant converter, low-I gate driver, overvoltage protection
(OVP), power supply unit, self-bootstrapped low-Iq inverter, soft
start.

I. INTRODUCTION

ITH the increasing awareness of environmental protec-
W tion and the development of the green energy industry, it
is essential to improve the efficiency of electrical equipment such
as data centers, servers, and telecommunications. High-power
LLC series resonant converters (LLC-SRCs) are widely used
as front-end converters or power supply units in these devices
due to their soft switching characteristics over a wide output

Received 4 April 2025; revised 5 June 2025 and 8 July 2025; accepted
1 August 2025. Date of publication 5 August 2025; date of current version
8 September 2025. This work was supported by the National Science and
Technology Council under Grant 114-2640-E-007-008, Grant 114-2640-E-006-
008, Grant 114-2221- E-A49-158-MY3, Grant 114-2622-E-A49-019, Grant
113-2622-E-A49-004, Grant 112-2221-E-A49-145-MY3, and Grant 112-2221-
E-A49-016-MY3. Recommended for publication by Associate Editor L. Gu.
(Corresponding author: Ke-Horng Chen.)

Chi-Yu Chen, Po-Jui Chiu, Xiao-Quan Wu, Yu-Ting Huang, Sheng-Hsi Hung,
Chang-Lin Go, and Ke-Horng Chen are with the Institute of Electrical and
Computer Engineering, National Yang Ming Chiao Tung University, Hsinchu
300, Taiwan (e-mail: khchen@nycu.edu.tw).

Tz-Wun Wang is with Taiwan Semiconductor Manufacturing Company Ltd.,
Hsinchu 30078, Taiwan.

Ying-Hsi Lin, Tsung-Yen Tsai, and Shian-Ru Lin are with Realtek Semicon-
ductor Corporation, Hsinchu 30010, Taiwan.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3595991.

Digital Object Identifier 10.1109/TPEL.2025.3595991

, Graduate Student Member, IEEE,
, Student Member, IEEE,

, Student Member, IEEE, Sheng-Hsi Hung, Student Member, IEEE, Chang-Lin Go,
, Fellow, IEEE, Ying-Hsi Lin, Tsung-Yen Tsai, and Shian-Ru Lin

1 .

s lo, max @ loading < 20%

o

c

2

& |(mitanumstandard) [+[Energy Sta

w #| 80Plus |

0 10 20 30 40 50 60 70 80 90 100 P
Loading (%) [8] [10]  [13]  This work
(a) (b)
Fig. 1. (a) Two commercial standards of efficiency criteria. (b) Computational

Iq based on two standards.

load, including zero-voltage switching (ZVS) on the primary
side and zero-current switching on the secondary side [1], [2],
[3], [4], [5]. However, the large output parasitic capacitance
(Cosgs) of silicon-based power MOSFET results in a long dead
time and limits the switching frequency [6]. Therefore, the
size of passive components, such as resonant capacitors and
resonant inductors, must be large enough to provide a stable
output voltage, sacrificing power density and increasing cost.
Compared with silicon-based power MOSFETS, gallium nitride
(GaN) high electron mobility transistors have become a popular
choice for switching converters due to their small Cpgg, small
ON-resistance (Ron ), and no reverse recovery charge loss. At the
same time, high switching frequency and high-power density are
pursued [7]. Previous works [8], [9], [10], [11] implement the
LLC converter using discrete components. However, Yan and
Ma [12] highlighted that monolithic GaN-based solutions can
effectively minimize parasitic components, such as inductors
and resistors, in both the printed circuit board (PCB) and the
package, thereby mitigating electromagnetic interference. Ad-
ditionally, these solutions help reduce gate-driving propagation
delays. As a result, GaN-based solutions are highly suitable
for monolithic GaN-based drivers. Unfortunately, the lack of a
p-type transistor in the GaN process presents a design challenge.
Although the state-of-the-art [12], [13], [14], [15] uses resistors
to replace the pull-up function of PMOS, the quiescent current
(Iq) is inevitably large. As a result, the efficiency of the LLC
converter decreases, and it cannot meet Energy Star and 80 plus
titanium standards at light loads, as shown in Fig. 1(a).
According to the efficiency requirements of these two stan-
dards, the Iy on the primary side under light load needs to be less
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Fig. 2.

Multiple leakage paths in [14] and [15].
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Fig. 4. (a) Charging phase of the SLI. (b) Discharging phase of the SLI.

than 1.63 mA, as shown in Fig. 1(b). However, the traditional
GaN-based circuit designs [14], [15] and [16], [17], [18] in
Figs. 2 and 3, respectively, do not meet the requirements. The
reason is that once the input signal changes from low level to
high level, the pull-up resistor (Rpyy) in Fig. 2 will generate a
leakage current (I, k), which equals to Vpp/Rpyr and increases
Iq. Furthermore, other logic cells, such as NAND gates, also use
similar designs, so there are multiple leakage paths in different
logic cells, making the Iy kg larger. The driver design in Fig. 3
uses depletion-mode GaN (DGaN) in series with a resistor to
reduce the Iykg from Vpp/Rpy to [Vin pGan|/Rpm. but the
issue of multiple leakage paths remains unresolved. Although in-
creasing the resistance of Rpyy can reduce Iy kg, it also increases
the die area size and reduces the power density. Furthermore,
increasing the resistance extends the delay of the driver during
the pull-high process. Therefore, the tradeoff between power
consumption and propagation delay is a challenge for the design
of GaN-based drivers.

To address the above issues, the self-bootstrapped low-Iq
inverter (SLI) in Fig. 4 replaces the resistor with a capacitor

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 12, DECEMBER 2025

>0 =su o
v-E

Vout

>1000 pA

Vewm MeL2

Fig. 5. Issues in low-Ig gate driver cascaded by the SLI.
Vewm —  rirruorirri
/[ > 1A
lixe R ——— <0.1pA

Vcbooa

Vin, bgan
1 /] '
L™y

ooenepo o= Vit EGaN F |Vin, DGaN|

Vour T ETTTET T th, EGaN
< Standby ><«—— Nomal Operaton —>

Fig. 6. Timing diagram of the low-I¢ gate driver under different modes.

to reduce I k. The well-charged bootstrapped capacitor Cp, oot
keeps Mpy in the subthreshold region, so Mpy consumes a
small amount of Iy kg. The Vpwwn changes from high level
to low level to initiate the charging phase. Therefore, Mpy
starts to charge Cpoot until the voltage across Cpoot 1S equal
t0 |Vih, bGan|, and then Mppy is in the subthreshold region, as
shown in Fig. 4(a). In the other phase, Voyr is pulled to zero
by Mgr, when Vpwr changes from low level to high level, so
Choot generates a negative voltage to turn OFF Mpyy, as shown
in Fig. 4(b). In both cases, I1,xq is almost zero since Mpy is
almost always turned OFF. The output voltage level can rise
t0 |Vin, pGan| + Vin, EGan When the input signal Vpw is
low, through the diode Dy,;,s, and drop to zero when the Vpwum
changes in the opposite direction. This constitutes the basic
functionality of an inverter with low-Iq characteristics.

Two SLIs are cascaded to implement a low Iq gate driver,
as shown in Fig. 5, which can meet the efficiency requirements
of normal operating mode. However, when the LLC converter
switches to standby mode at light loads, the Vpw\ operates at a
lower frequency [19]. The low-level Vpyy\ lasts for a long time,
causing the bootstrapped capacitor Cy,,02 0f the second-level
SLI to not charge for a long time. In addition, I,k of the Mp2
gate I ka, gate Will also discharge Cyoot2, reducing Vepoot2.
Therefore, the pull-up switch Mpyy2 gradually turns ON, and the
shoot-through current is then dissipated from Mppo to Mgr,2
until the standby mode ends. Iy k¢ is greater than 1 mA, which
is not able to meet both standards.

Once normal operating mode is initiated, it takes multiple
cycles to restore Vepootz t0 [Vin, bcanl, as shown in Fig. 6.
In addition, although the charged Cy,0t2 €nsures that Mpys is
turned OFF to avoid I kg, it also means that the low Iq gate
driver cannot provide a strong driving current to quickly turn



CHEN et al.: MONOLITHIC GAN-BASED LLC-SRC WITH SUB-1 MA QUIESCENT CURRENT AND 98.6% PEAK EFFICIENCY

Vi N:1:1 Vour= 0V

_|_ Cour 2 Rour
T\

L] J v

Large voltage stress on Ver

Fig. 7. Issue of LLC converter during startup.

o
inLR

Ver

N

Equivalent circuits during startup.

Vsw

Fsw=Fo=1/2m(L.C/)"?2
1st order harmonic
= (2Vin ! m)sin(wot)

%

Ver=Vin(1/1- w2rCr) = 00

Fig. 8.

VM
Vem— L LITLTL LTI

1storder harmonic

~251kV
CIVAVAVAVAVAYAYS
-2.14kV

Timing diagram of the LLC-SRC during startup.

Fig. 9.

ON the GaN power switches, thus limiting the operating range
of the switching frequency. In addition to the small driving
current, the maximum voltage level is equal only to |Vi,, pGan|
+ Vin, EcaN, Which is not able to fully turn ON GaN power
switches, inducing additional conduction loss. A new topology
for GaN-based gate drivers is needed that can properly turn
ON GaN power switches and consume less I compared to
existing technologies. Therefore, the LLC converter can operate
efficiently in different modes.

In addition to poor efficiency in standby mode, LLC converters
also face high-voltage stress issues during startup. In Fig. 7,
since the output voltage Vour of the LLC converter has not
yet been established, the voltage across the transformer and the
magnetizing inductor Ly, is zero [20]. Therefore, the equivalent
circuit consists only of the resonant inductor Ly and the resonant
capacitor Cr connected in series. Once the LLC converter oper-
ates at the oscillation frequency Fo, it experiences high voltage
stress on Cg, as shown in Fig. 8. In Fig. 9, the maximum and
minimum voltages 2.51 kV and -2.14 kV damage the 650 V GaN
power switches and primary-side passive components due to the
oscillation between Cr and Lg. In addition, a large amount of
current is dissipated and converted into heat, which wastes a lot
of power and reduces the reliability of the LLC converter.
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This article proposes a monolithic GaN solution that reduces
the overall system leakage current Iy kg while also providing
overvoltage protection to safely turn ON the LLC converter
during startup. The design objective is to meet the requirements
of both commercial standards under a similar output level in [8],
[9],[10], and [11], especially at light loads. The rest of this article
is organized as follows. Section II presents the architecture of
the proposed monolithic GaN solution. Section III shows the
detailed circuit implementation, including the proposed GaN-
based gate driver and the proposed three-phase soft startup
clamping technique. Section IV presents measurement results
and comparison tables demonstrating that the efficiency im-
provements of the proposed circuits are achieved by minimizing
power losses rather than increasing the output power rating.
Additionally, recent work from top-tier solid-state conferences
[21], [22], [23] and commercial product [24] is included to
strengthen the credibility of the comparison. Finally, Section V
concludes this article.

II. LLC SERIES RESONANT CONVERTER
A. LLC-SRC Topology

Fig. 10 shows the architecture of the proposed LLC converter.
The high-efficiency GaN-based LLC converter consists of the
proposed hybrid gate driver (HGD) to rapidly turn ON the
650 V GaN power switches, Mpy and Mpy,, respectively, while
keeping the Ig lower than 1.63 mA to meet the efficiency re-
quirements [25]. In addition, the proposed automatic precharge
technique (APC) keeps the bootstrapped capacitor well charged
to avoid a large Iy kg, improving efficiency under standby mode.
Furthermore, the proposed three-phase soft startup clamping
technique (SSC) prevents the LLC converter from being dam-
aged by high voltage stress during the startup period, improving
the reliability of the LLC converter. The monolithic GaN-based
solution with the proposed circuits on the primary side is used
to minimize the parasitic effect, whereas silicon-based control
with synchronous half-bridge rectifiers is used on the secondary
side to replace the diodes. Therefore, the efficiency will not be
degraded by the forward bias voltage [26], [27], [28]. Finally, the
optical coupler is used to send accurate feedback signals back
to the primary side to modulate the switching frequency of the
LLC converter.

B. Hybrid Gate Driver With Automatic Precharge Technique

In Fig. 11, the HGD consists of two cascaded inverters with
different characteristics, where the first stage is a modified SLI
and the second stage is a fast inverter (FI). Compared to SLI,
the modified SLI can maintain low Ig operation for a long
time, while FI achieves rail-to-rail output voltage swing and
has strong current drive capability to fully turn ON the GaN
power switch. The APC technique automatically charges the
bootstrapped capacitor of the FI by sensing the voltage of the
bottom plate of the capacitor, Vpgre. Since the FI directly drives
the GaN power switch, the bootstrapped capacitor needs to be
fully charged to avoid generating a large Iy k¢ in the FI, causing
the GaN power switch to turn ON abnormally.
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The entire precharging process in standby mode is shown
in Fig. 12. Since Vpwu remains low level for a long period,
the bootstrapped capacitor of the FI is discharged due to the
ILka, gate- Therefore, Vprr2 gradually increases from negative
to zero voltage. Once Vpgrs exceeds the threshold voltage
Vih, DGaN»> Veharged Will be pulled low and compared with the

reference voltage Vrgrr. The proposed high-gain comparator
(HGC) quickly responds to changes in V parge, triggering the
one-shot signal Vprg. Consequently, the output Voyry of the
modified SLI temporarily drops low, allowing the bootstrapped
capacitor in the FI to be charged by the constant current source
Ico, as illustrated in Fig. 16. At the same time, the negative



CHEN et al.: MONOLITHIC GAN-BASED LLC-SRC WITH SUB-1 MA QUIESCENT CURRENT AND 98.6% PEAK EFFICIENCY

Modified SLI (L~H)

Vbert

Fast Inverter (H>L)

/.
VoY

Choott -

IH
I

Vewm VRrer Vere X Voez Vnes
Automatic Precharge Technique
Fig. 16.  Operation of the HGD when Vpw\ is high.

voltage generator (NVG) turns OFF the pull-up switch of the FI
to prevent the Vg from becoming a high voltage level. When
Vpre goes low again, the precharge process ends. At the end
of the standby mode, the APC is no longer needed. Therefore,
the output signal Vg of the PWM detector changes from high
level to low level, and most of the circuits in the APC are turned
OFF to further reduce Iq.

C. Three-Phase Soft Startup

According to the operation of the LLC converter [29] and
the voltage gain of the LLC converter (1)—(3), the switching
frequency must be modulated to avoid high voltage stress

Ji(L, —1)
Mg — |
TR N
_ fsw B 1
2
Q:@RMZSWL Ln:ﬂ. 3)
Rac s LR

In Fig. 13, since the gain of the LLC converter M is inversely
proportional to the second power of the normalize frequency, f,,,
f,, increases much higher than 1 rapidly to lower M in phase I.
Phase I is defined as the period during which the LLC converter
transitions from zero power to when the voltage Vcr across the
resonant capacitor reaches its peak value. During this phase,
the proposed SSC technique rapidly increases the switching
frequency to reduce the gain (M) of the LLC converter.

Therefore, the voltage stress is reduced to less than 650 V, and
the Vour of the LLC converter can gradually build up. When
the startup process changes to phase II, f,, slowly returns to 1.
Phase I1 is defined as the period during which the LLC converter
continues the soft-start process until the SSC ceases modulating
the switching frequency. Since Voyr is larger than 0 V, the
equivalent circuits in Fig. 8 no longer exist. The components on
the primary side can operate safely without being damaged by
high-voltage stress. At the end of Phase II, the LLC converter is
almost in a steady state.
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Phase III is defined as the stage where the LLC converter
starts regulating the output voltage by modulating the switch-
ing frequency, with the SSC technique no longer influencing
the switching frequency. In the last phase, the LLC converter
operates in a steady state, and the proposed SSC technique will
automatically turn OFF. Therefore, Iq can be further reduced
without affecting steady-state operation.

D. Zero-Voltage Switching

To enhance the efficiency of the LLC converter, achieving
ZVS is essential to minimize additional switching losses. A
GaN-based sensing circuit plays a critical role in this process
by providing rapid voltage sensing at Vgw. For ZVS to be
achieved for the high-side switch (Mpy), the Vix and Vgw
voltages are scaled down and compared by the HGC. When Vg
exceeds Vin, the HGC output changes, prompting the HGD to
turn ON Mpy immediately. However, detecting 0 V for n-type
GaN transistors is more challenging than detecting a positive
voltage level. To address this, the NVG is incorporated into
the low-side sensing circuit, as shown in Fig. 14. The HGC
ensures that the comparison result (Vzyg) responds quickly
to input changes, while the NVG extends the common-mode
range of the input differential pairs, enabling accurate detection
of 0 V. Additionally, a voltage divider is used to introduce an
offset, allowing Vzvg to switch high earlier, compensating for
delays introduced by the controller and the HGD. In Fig. 15,
the simulation result of the Monte Carlo shows that the average
delay is less than 1 ns. As a result, Mpyr and Mpy, can be turned
ON when Vpg is close to 0 V, ensuring efficient ZVS operation.

III. CIRCUIT IMPLEMENTATION
A. Modified SLI and the FI

This section presents the detailed implementation and opera-
tion of the proposed HGD with the characteristics of low I and
strong driving capability during the normal operation. In Fig. 16,
when the Vpw changes from low to high, Mgr,; pulls the top
terminal of Cy,,0t1 to zero. Consequently, the Vpgri becomes
a negative voltage. Thus, Vour; is pulled low by turning OFF
Mpys and turning ON Mgr4. Ico, which is generated by the
constant current source, composed of Mpyy4 and Ryys, charges
Choota to VDD'Vth, Ecan When Mgrs and Mgy, are turned
OFF by Vouri. Since Vpgre is equal to Vi, ggan, MEL6 is
also turned OFF due to zero gate voltage. Finally, the gate of
Mpy7 can be rapidly pulled high by another constant current
source, composed of Mpys and Rys. Therefore, Mpyy7 is able
to provide a strong driving current to turn ON the GaN power
switch immediately.

The other case is shown in Fig. 17. When the Vpw\ changes
from high to low level, Cy 041 is charged by another constant cur-
rent source [, composed of Mpyr; and Ryyy. Therefore, Mpyrs
is turned ON and then pulls high Vouri, while Vg quickly drops
to zero by Mgy,7. Meanwhile, since a large amount of charges
have been stored in Cpoot2 in the last phase, Mpy; dissipates
zero current by a large negative voltage (-Vpp+Vin, EGaN)
applied to its gate through Mgg¢. Although the gate of Mppr
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TABLE I
COMPARISON OF DIFFERENT GATE DRIVERS

Design [13] 1SSCC'23 | [14]1SSCC'20 | [17]ISSCC'22 |  This work
Topology %aN Drivgr + | GaN Drivgr + | GaN Drivgr + | GaN Driv_er +
aN Switch GaN Switch GaN Switch GaN Switch
Pull-up Switch EGaN EGaN EGaN DGaN
Operating Frequency 500 kHz 262kHz 12.5 MHZ 25MHz
Power Consumption 1.036 mW* 1.72 mw* 0.618 mw* 0.14 mW*

V=400V * measuring test key

dissipates It kq, gate and discharges Cy,40t2, Mpa7 remains OFF
due to the well-charged Cy,,0t2. Furthermore, except for Iy, 2,
there is only one leakage path formed by Mpy; and Ryy; when
Vpwu is high, while Mpp4 and Ry form another leakage path
when Vpw is low in the proposed HGD at the same time, so
the multiple leakage path in the traditional GaN-based driver
design is well solved by reducing the number of leakage paths
to one regardless of the state of Vpyy.

When the LLC converter switches to standby mode, the APC
wakes up and starts to detect Vpgre. Once Vprg is activated,
Mgr,2 and Mgp3 are immediately turned ON, forcing Voury to
temporarily be low level. In addition, Vygg becomes a negative
voltage to turn OFF Mpyg, s0 Vg remains a low voltage without
triggering the GaN power switch. Since Mgrs and Mgy7 are
also turned OFF, Cypot2 can be charged by Ico until Vprgy
becomes low again. In both operation modes, Cpoot1 and Cpooto
are always charged to avoid the malfunction of the HGD.

The I, which includes It kg and Iy, 2 of the HGD is reduced
to 23.2 pA thanks to the modified SLI, while it can also operate
at 25 MHz due to the FI. Table I shows a detailed comparison
by measuring test keys of different topologies. Compared to
other topologies, the proposed HGD achieves the lowest power
consumption while reaching the fastest switching frequency,
which is able to meet the requirements of both standards and
is suitable for the application of LLC converter.

B. PWM Detector and High Gain Comparator

The comparator in the APC technique needs to respond
rapidly to restore charge to Cpoot2 immediately, or Iy kg starts

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 12, DECEMBER 2025
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to increase and abnormally turn ON the GaN power switch,
reducing the efficiency of the LLC converter under light load.
Furthermore, since Cpoot1 and Cpoote are periodically charged
in normal operation mode, the circuits of the APC technique are
idle while still consuming extra power. Therefore, the proposed
PWM detector can decide whether to turn ON or OFF the entire
APC technique according to the mode of the LLC converter. The
topology of the proposed PWM detector is shown in Fig. 18.
Since Igoyrce 18 larger than Iy, the top plate voltage Vggn of
Csen increases rapidly as Mg, is activated by fast-switching
frequency Vpwwn. When Vgpn exceeds the threshold voltage
Vin,Ecan, the enable signal Viy becomes low to disable the
HGC. Instead, once Vpw1 remains low for a period of time in
standby mode, Cggy is discharged by Isink and Vg decreases
gradually. Once Vggn becomes lower than Vi, paan, VEN goes
high to turn ON Mg; . Therefore, the Csgy is discharged rapidly
to initiate the HGC. Furthermore, Mp; forms the hysteresis
control to prevent the HGC from being accidentally turned OFF
in standby mode, or the APC fails and the Iy k¢ increases.

In addition to the HGC, other control logic cells in the APC
technique, such as delay cells and inverters, are also controlled
by the Vg, which changes according to the operation of the LLC
converter. Furthermore, although the architecture of the NVG is
the same as the FI while excluding the output stages Mpyig,
Mpyz, and Mgz, as shown in Fig. 19, the power consumption
of the NVG is negligible since it only operates when Vprg
is triggered. Therefore, most parts of the APC technique are
turned OFF except for the PWM detector and the proposed
process-independent reference voltage generator (RVG), which
reduces the extra power consumption by the idle circuits in the
APC technique during the normal operation mode of the LLC
converter.

Fig. 20 shows the implementation of the proposed HGC.
Designing a GaN-based single-ended amplifier without a P-type
semiconductor is also a challenge. Therefore, the HGC adopts a
DGaN with a cascaded EGaN to form a PMOS-emulated current
mirror to ensure that the gain of the HGC can reach 42 dB.
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Since the voltage swing of Vg a is large, the HGC can operate
instantly according to the change in Vcharge-

Fig. 21 shows the entire comparison process of the HGC.
When Vparge 18 lower than the reference signal Vrgp, the bias
current at the left-hand side of the PMOS emulated current
mirror becomes larger than the bias current at the right-hand
side. Therefore, the gate node Vg of Mgg is pulled low due to
the larger bias current. On the contrary, the source node Vgy of
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Mgg changes in opposite directions due to the smaller bias
current. As a result, the drain node Vgain can change rapidly
due to the PMOS-emulated current mirror. The HGC guarantees
fast operation of the APC technique to keep Cpoot2 charged,
allowing Iq to remain lower than 62 pA under standby mode
while maintaining the strong driving capability of the HGD
under normal operation mode.

C. Process-Independent Reference Voltage Generator

To ensure that the APC technique is triggered correctly across
different process corners, it is essential to keep the variation of
Vrer small. If Vrer drops too low in one corner, the APC
may not activate, preventing Cy,ot2 from charging immediately,
which can cause the DGaN transistor in the FI to conduct the cur-
rent prematurely. On the other hand, if Vi is too high in other
corners, the APC may stay constantly ON, resulting in Cpoot1
in the modified SLI remaining uncharged until the system exits
standby mode. In both cases, once the bootstrapped capacitors
have no charge, the high I kg will reduce the efficiency of the
LLC converter.

The GaN process is known for its significant corner variations,
making it challenging to design an ON-chip RVG. However, as
referenced in [30], the variation of threshold voltage Vi, paan
of EGaN transistors exhibits an opposite trend to that of DGaN
transistors across different process corners, as illustrated in
Fig. 22. Additionally, the variation in Vi, Egan 1S approxi-
mately twice that of [V, paan|, as shown in

AV, BGaN &~ —2AVi, Dgan - 4)

To address this, the proposed process-independent RVG, as
depicted in Fig. 23, utilizes a cascade of two DGaN transistors
and one EGaN transistor to generate the reference voltage Vrgr,
as described in

Vrer = Vin, EGan + 2| Vin, DGan | - ®)

Finally, this configuration effectively reduces the variation of
Vrer to 70 mV across different process corners, ensuring the
reliable operation of the APC technique.

D. Soft Startup Clamping Technique

Optimal trajectory control (OTC) is a widely used method
in the industry to address start-up challenges. OTC leverages
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Fig. 23.  Proposed process-independent RVG.

the mathematical model of the LLC converter to design an
optimal trajectory for voltage and current, enabling a smooth
and controlled transition by dynamically adjusting the switching
frequency. However, implementing OTC requires a microcon-
troller unit (MCU) [31] to manage the transition from zero power
to steady-state operation, which increases Iq and occupies addi-
tional PCB space. Furthermore, OTC also relies on both voltage
and current sensing, adding to the overall design complexity.

Another method involves using PWM control [32]. This ap-
proach sets a switching frequency equal to the resonant fre-
quency at the beginning of the startup process. Then, the duty
will gradually increase from the minimum value to the duty
cycle of 0.5 to achieve a soft start. Finally, the PWM control will
switch back to the PFM control for the rest of the start-up and
steady-state operation. PWM control involves the use of two con-
trol strategies, increasing the design complexity and becoming
difficult to integrate on the chip. In addition, the PWM control
circuit becomes idle once the start-up process ends, which may
increase the Ig. This method can also be implemented by the
MCU, but the issues are the same as using OTC. In contrast,
the proposed SSC technique offers significant advantages. It
operates only during the start-up period and automatically turns
OFF in steady-state operation, reducing Io. Additionally, the SSC
technique requires only the voltage of the resonant capacitor for
sensing, greatly simplifying circuit implementation. Finally, the
SSC technique is fully integrated into the chip, eliminating the
need for additional PCB area.

In Fig. 24, the proposed three-phase SSC technique samples
the voltage Vg of the resonant capacitor during the soft startup
period of the LLC converter. Since the rated voltage of the GaN
processis 12V, the high-rated voltage component DGaN Mjamyp,
is used to block the high voltage from the Vcr. The Vg is
scaled by the resistors Rycale1, 2 and sampled by the capacitor
Csample- The sample voltage Vgample is then compared with the
high-threshold Vi, 1, and low-threshold Vyy, 1,, to determine
the end of the first and second startup phases. In addition,
Vsample 18 converted to Igample by the GaN-based operational
transconductance amplifier, and Isample is added to the feedback
current to modulate the switching frequency. Therefore, M can
be temporarily reduced to prevent Vg from being greater than
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2kV orlower than -2 kV. In phase I, the Vyap1c increases rapidly
until the Vg reaches its maximum, which is around 600 V, and
the Vgample becomes higher than Vyy, y simultaneously. As a
result, the output signal Vcowmpi of the comparator Compl in-
creases, activating both Mgz and Comp2. Next, phase II begins,
and the SSC technique stops sampling Vg by turning OFF Mg,
and Mg,. Furthermore, the small discharging current, which is
generated by Mp; and Cy, slowly pulls the Vgampie low, and
so does the Isampie. Therefore, the LLC converter can gradually
startup without being damaged by high-voltage stress. Once the
Vsample becomes lower than the vy, 1., which also means that
the LLC converter almost turns to the steady state, Vcomp2
becomes low level to turn OFF Mgy. As a result, the feedback
current is not affected by Ig,mple and is capable of regulating the
output voltage. In addition, the low-level Vconpa also disables
the error amplifier (EA) and Compl, so the entire SSC technique
is turned OFF to reduce Iq.

Due to the proposed SSC technique, the maximum and min-
imum values are 620 V and -239 V, respectively, as shown in
Fig. 25. The entire SSC technique is turned OFF once Vcowmp1
becomes high and Vcompe becomes low. Table II shows the
summary of the I under different modes to show the low power
consumption of the proposed HGD, APC, and SSC.
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TABLE II
SUMMARY OF 1Q UNDER DIFFERENT MODES

TABLE IV
COMPARISON OF Ig WITH THE COMMERCIAL LLC CONVERTERS
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Fig. 27. (a) Prototype. (b) Measurement setup.

TABLE III
DEVICE PARAMETERS AND SPECIFICATIONS

Device Parameters and Specifications Value
Magnetizing Inductor (Lw) 58 uH
Resonant Inductor (Lg) 16.5 uH
Resonant Capacitor (Cr) 1.45nF
High-side bootstrapped capacitor 2 uF
Output Capacitor (Cout) 4x4.7uH
Transformer Ratio 15:2:2
Input Voltage (Vin) 380V
Output Voltage (Vout) 24V
Max. output current 5A
Switching Frequency 1MHz
lo, max @ loading < 20% (primary side) 1.63 mA

IV. MEASUREMENT RESULTS

The low-Ig LLC series resonant converter of the primary side
is fabricated in 0.5 zm GaN process with 2650 x 1403 ym?, as
shown in Fig. 26. In Fig. 27, the prototype and the measurement
setup are shown with the device parameters and specifications
shown in Table III . To show the low quiescent current of the
proposed HGD, the measurement results of the test key with
23.2 pA is shown in Fig. 28. Fig. 29 shows the double pulse
testing to verify the driving ability of the proposed HGD. Due

—-214kV
— 620V

239V

Fig. 30. Measured VR with the proposed SSC technique during startup.

to the FI, the maximum operating frequency is up to 25 MHz.
During soft startup, the measurement results of the maximum
and minimum values of Vi without clamping technique are
2.51 kV and -2.14 kV, as shown in Fig. 30. In contrast, the
proposed SSC technique limits the peak value in both positive
and negative voltages, 620 V and -239 V, respectively, so the
large power dissipation during startup is reduced. The LLC
converter functions efficiently with the proposed HGD under
heavy load (Ijpaq = 5 A), with an input voltage of 380 V and an
output voltage of 24 V, as shown in Fig. 31.

Fig. 32 shows the root-mean-square (rms) I of the proposed
LLC converter, including the primary side and the secondary
side. The measured rms I is reduced to 3.26 mA under 10%
L1oaq; therefore, the efficiency can reach 92.3%, which is higher
than the standard of Energy Star. Table IV presents a comparison
of the I with commercial LLC converters. The Ig of the
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TABLE V
COMPARISON TABLE WITH STATE-OF-THE-ARTS

Design [8] TCASI'23 [9] TPE'23 [10] TPE'23 [11] TPE'21 [21] APEC'23 [22] APEC'25 [23]CICC'24  |[24] DCW150-110-24FT} This work
. Discrete Discrete Discrete Discrete Discrete Discrete
Process Powerowich SI | Powersuich GaN" | Poverowich GaN | Powerswich:SC | Powerswich:Si |  Powerowioh:si | 00HmCMOS NA e
VinRange 450V 50V-90V v 280 V360V 400V 380V 365V—-410V 110V 380V
VoutRange 12V/24V 20V 24V 48V 48V i 24V 24V 24V
Switching Frequency 77 KHZ-100 kHz 400 kHz 200kHZ 70kHZ 300 kHz 140 kHz 100 kHz N/A 1MHZ
Lm 1224 iH 125 uH 17 uH 336 uH 116 uH 2.75mH 480 uH N/A 58 uH
L 276 uH 25 uH 08 uH 7 uH 6 uH 25 uH 80 uH NIA 165 uH
C 10nF 62nF 660 nF 33nF+2.2nF 47nF 50nF 30nF 33nF+2.2nF 1.45 nF
Max. efficiency 88.7% 96 %" <96 %" 95.79% 94.8 % 93.695 % 95.04 % 83%™ 98.6 %
80 plus No No No No No No No No Yes
Energy Star No No Yes Yes No Yes Yes No Yes
Rated output power 60W 150 W 180 W 192W 500W 500W 240W 144 W 120W
Soft startup OVP No No No No No No No No Yes
Power density 5.93 wiin2™* 14.08 wiinz™* 5.28 win™* N/A 31.92 Wiin?™ 36.97 wiin2™ N/A 419 Wiinz 13.16 Wiin2
“primary side; “Only LLC stage; ***typically value; ****by estimation; ***** calculated by the size of the whole package ;
¥ 380V Vin =380V, Vo = 24V
Vsw o 100
| 1.344A § 95
S ATy So0
Vour £ ¢ A Energy Star
5A W eg | 828%° - 80 Plus
lioad . Y -o- HGD wi APC
0.4 psldiv 80 ‘e HGD wlo APC
> 0 05 1 15 2 25 3 35 4 45
< » & lioad N
Fig. 31. Measured waveform under heavy load. Standby Normal Operation
Fig. 34.  Efficiency under different output loadings.
5
4.8
4 326 The analysis of various power losses is illustrated in Fig. 33.
3 Thanks to the low-Iq characteristic of the proposed LLC con-
§m— verter, the quiescent power loss becomes negligible across the
§ 2 entire output load range. Fig. 34 shows the efficiency of the
1 005 5 2 25 3 35 4 45 A proposed LLC converter, when Viy = 380 V and Voyr =
«— :: '“d( ) 24V, the proposed APC technique improves the efficiency by
Standby Normal Operation 9.5% in standby mode. Therefore, the efficiency is higher than
Fig.32. Measured I under different output loadings when Vi = 380 V and 92%.under the whole output lqad, which can meet the efficiency
Vo =24 V. requirement of both commercial standards.
Table V shows a detailed comparison of the proposed and
Bower Loss ( prior art. This work proposes a 380 V to 24 V LLC-SRC using
:::)er s (%) negllglble = P""‘:’m‘ffé‘s’“""' the proposed HGD with APC. Thanks to the HGD and the APC,
% 0.7% 130m 0.9% «IEs . . L
1.2% 1.3% ) the efficiency is able to reach 98.6% (Ijpaq = 2.5 A), which is
= Secondary-side control X . . R
80 43.4% S power loss the highest compared to the prior art. The proposed design is the
60 69:1% only work that also focuses on the startup process. Therefore, the
11% = Transformer power loss R L.
" reliability of the LLC converter is improved by the GaN-based
53.6% 15:5% ®  Conduction loss SSC technique. Due to the monolithic GaN on the primary side,
20 25.4% 1% the switching frequency of the LLC converter is 1 MHz, which
0 98y ™ Switchingloss reduces the size of the passive components. The sizes of the Ly,
05 25 5 et (A) Ly, and Cy are 58 uH, 16.5 pH, and 1.45 nF, respectively.
Fig. 33.  Power loss of the proposed LLC converter.

TEA2017AAT/2 and SSC3S927 are 8 mA and 10 mA, respec-
tively, while the proposed LLC converter achieves a significantly
lower maximum Ig of 4.8 mA.

V. CONCLUSION

This article presents a resonant LLC converter that steps down
380 V to 24 V, achieving a peak efficiency of 98.6%, compliant
with both Energy Star and 80 Plus Titanium standards. The pro-
posed HGD delivers strong drive capability while maintaining
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a low quiescent current Ig of just 23.2 uA, making it ideal
for monolithic GaN-based LLC converters that require high
efficiency. To prevent shoot-through, an APC circuit rapidly
charges the HGD’s bootstrap capacitor. A process-independent
RVG ensures only 70 mV variation across corners and tem-
peratures, enabling precise APC activation in standby mode.
Additionally, the PWM detector activates the APC only when
needed, further lowering I and boosting standby efficiency by
9.5%. For reliable startup, the proposed SSC circuit limits the
voltage swing of the Vg to suppress oscillation-induced power
loss. The SSC is automatically disabled after startup to avoid
unnecessary power consumption and maintain low Iq.
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