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Abstract—Newly emerged gallium nitride (GaN) devices feature
ultrafast switching speed and low on-state resistance that poten-
tially provide significant improvements for power converters. This
paper investigates the benefits of GaN devices in an LLC resonant
converter and quantitatively evaluates GaN devices’ capabilities
to improve converter efficiency. First, the relationship of device
and converter design parameters to the device loss is established
based on an analytical model of LLC resonant converter operat-
ing at the resonance. Due to the low effective output capacitance
of GaN devices, the GaN-based design demonstrates about 50%
device loss reduction compared with the Si-based design. Second,
a new perspective on the extra transformer winding loss due to
the asymmetrical primary-side and secondary-side current is pro-
posed. The device and design parameters are tied to the winding
loss based on the winding loss model in the finite element analysis
(FEA) simulation. Compared with the Si-based design, the winding
loss is reduced by 18% in the GaN-based design. Finally, in order
to verify the GaN device benefits experimentally, 400- to 12-V,
300-W, 1-MHz GaN-based and Si-based LLC resonant converter
prototypes are built and tested. One percent efficiency improve-
ment, which is 24.8 % loss reduction, is achieved in the GaN-based
converter.

Index Terms—GaN devices, high switching frequency, LLC
resonant converter, transformer winding.

1. INTRODUCTION

HE ever-increasing demands in the energy conversion mar-
ket propel power converters toward high efficiency and
high power density. High-performance power semiconductor
devices are indispensable to address higher efficiency and den-
sity requirements. Newly emerged wide-bandgap (WBG) semi-
conductor devices, such as silicon carbide (SiC) and gallium
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nitride (GaN) devices, provide desirable features of low specific
on-state resistance, low junction capacitance, and increased
junction temperature. They are promising candidates for the
future high-efficiency and high-density power converters [1],
[2].

Most recent GaN devices are high electron mobility transis-
tors (HEMT). They are fabricated in a lateral structure with an
internal AlIGaN-GaN heterojunction that offers high electron
mobility and thus low on-state resistance. GaN material has an
electrical breakdown field ten times higher than Si, leading to
high breakdown voltage capability [3]. The first commercially
available enhancement mode GaN FETs (eGaN FETs) had a
blocking voltage below 200 V [4]. In addition to low on-state re-
sistance and low junction capacitance, they feature zero reverse
recovery charge due to the lateral structure and nonexistent p-n
junction [5]. As the blocking voltage of GaN HEMTs increases
above 600 V, the cascode structure devices were released to
the market [6]. These devices consist of a depletion mode GaN
HEMT in series with a low-voltage Si MOSFET, resulting in a
rugged gate and stable threshold voltage.

Significant research efforts have been spent on GaN HEMTs
and GaN converters in recent years. The static characteristic
and switching performance of eGaN FETs and cascode GaN
HEMTs were evaluated in [7]-[10], which showed ultrafast
switching speed and low switching loss. Hard-switching GaN-
based power converter such as synchronous buck converter and
boost converter and inverter demonstrated great efficiency im-
provement over the Si-based counterparts in [11]-[16]. While
the GaN HEMTs show significant advantages in hard-switching
converters, they also have benefits in soft-switching converters.
The eGaN FETs were compared with Si MOSFETS in a dual
active-bridge converter in [17]. The combination of the GaN and
Si devices achieved the lowest total loss. In [18], eGaN FETs
and Si MOSFETs were each applied in 1.2 MHz unregulated
isolated resonant converters. The eGaN-based converter im-
proved the efficiency from 95% of the Si-based design to 96%. A
5-MHz soft-switching resonant converter with 89.4% efficiency
demonstrated high switching frequency capability of the eGaN
FETs in [19].

LLC resonant converter is a typical soft-switching converter,
which is widely applied in different applications. The advan-
tages of the LLC resonant converter are that all the devices
can achieve zero voltage switching (ZVS) during the entire
load range, and the secondary-side synchronous rectification
(SR) devices can also achieve zero current switching (ZCS)
when the converter operates at or below the resonance [20]-
[23]. These benefits make the LLC resonant converter suitable
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for high-frequency and high-efficiency applications. An LLC
resonant converter design considering the dead time optimiza-
tion is discussed in [24]. However, there was no analysis on
the fundamental relationships between the device parameters
and the converter loss, especially the transformer winding loss.
The application of cascode GaN HEMTs in an LLC resonant
converter was shown in [8], and a system-level consideration of
using GaN HEMTsS in an LLC resonant converter were qualita-
tively discussed in [25] and [26]. These papers demonstrated the
benefits of GaN HEMTs in LLC resonant converters, but there
was no quantified analysis on how the excellent properties of
GaN HMETs impact the loss of a high-frequency LLC resonant
converter.

This paper establishes an analysis framework to determine the
impact of device and converter design parameters on the device
and transformer winding loss in an LLC resonant converter
operating at the resonance. Using this analysis, the GaN HEMT
benefits on reducing the converter loss are quantified. The device
loss, which is mainly the conduction loss, is determined by the
device on-state resistance and converter rms current. The rms
current varies with different magnetizing current and dead-time
combinations that need to be properly selected based on the
device parameters to guarantee the soft switching. GaN HEMTs,
with superior device parameters, are shown to be capable of
reducing the device loss.

The transformer loss, especially the winding loss, is another
significant loss mechanism in the high-frequency LL.C resonant
converter. Previous studies have illustrated that the terminal
loss, the fringe effect loss, and the intrinsic winding loss are the
three dominant contributors to the high-frequency transformer
winding loss [27], [28]. In order to reduce the loss, several
approaches have been proposed such as discrete secondary-side
windings [27], matrix transformer [29], and the hybrid winding
structure with Litz wire [30]. However, one particular issue in
the LLC transformer winding loss that has not been reported
before is the extra winding loss induced by the asymmetrical
primary-side and secondary-side current due to the existence
of the magnetizing current. The application of the GaN HEMT
potentially leads to smaller magnetizing current and reduced
asymmetry between both side currents, which is beneficial to
the winding loss.

The paper is organized as follows. In Section II, the relation-
ship of device and converter design parameters to the device
loss is established. The device loss is compared between GaN
HEMTs and Si MOSFETsS in a 400- to 12-V, 300-W, 1-MHz
LLC resonant converter. In Section III, a new perspective on the
extra winding loss due to the asymmetrical primary-side and
secondary-side current is proposed. The connection between de-
vice parameters and the transformer winding loss is presented.
In Section IV, the overall loss breakdown and comparison be-
tween the Si-based and GaN-based converters are verified by
the prototype experiments. Section V concludes the paper.

II. GAN DEVICE BENEFITS ON DEVICE LOSS

The LLC resonant converter operating at the resonance real-
izes high efficiency at high frequency due to the soft-switching
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of both primary-side and secondary-side devices. Since the
voltage gain is close to 1, it is widely applied as a dc—dc trans-
former (DCX) with voltage ratio determined by the transformer
turns ratio. For the high-frequency DCX LLC resonant con-
verter, the primary-side device loss mainly includes conduction
loss, driving loss, and turn-off loss, while the secondary side
mainly consists of conduction loss and driving loss. Among
these loss components, the conduction loss is dominant. This
section first establishes the relationships of the device and con-
verter design parameters to the converter rms current in order to
evaluate the impact of device parameters on the conduction loss.
After that, several GaN and Si device counterparts are compared
by using the established relationships. Finally, the specific GaN
and Si devices are selected with the minimum loss for both
GaN-based and Si-based converter designs. The GaN device
loss benefits are quantified.

A. Relationships Between Device Parameters and Loss

The half-bridge LLC resonant converter topology is shown in
Fig. 1, and the waveforms at the resonance are shown in Fig. 2.
During the dead time (¢; to t3), the drain—source voltage of Q5
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drops to zero by the magnetizing current [;, ~discharging the
device output capacitances. Q5 then turns on with ZVS.

In order to guarantee ZVS of the devices, sufficient peak
magnetizing current and dead time are needed to ensure that
all the parasitic capacitances have been discharged, including
the output capacitances of the primary-side and secondary-side
devices, as well as the transformer winding capacitances. Dur-
ing the dead time (¢; to ty), since the magnetizing inductance
is large, it can be approximated as a current source. For the
primary-side half-bridge topology, the devices ZVS realization
can be described by the charge balance equation

IL,,, ,kad = 2Cpri,oss * V;n + Cw * V;n + %ansec,oss * 2‘/:7
(D
where I7, i is the peak magnetizing current, 7} is the dead
time, Cl,i,__ is the primary-side device charge equivalent out-
put capacitance, Cie,,, is the secondary-side device charge
equivalent output capacitance, C,, is the transformer winding
capacitance referring to the primary side, n is the number of
secondary-side devices in parallel, N is the transformer turns
ratio, V4, is the input voltage, and V,, is the output voltage. The
transformer turns ratio can be approximately considered as
(Vin/2)

N = v )

According to the LLC topology in Fig. 1, the voltage across
the magnetizing inductance is the primary-side voltage of the
ideal transformer 7, which is equal to N'V,,. Considering t, to
t; in Fig. 2, the peak magnetizing current can be expressed as

NV, ((Ts/z) — Td)
2L, '

I, ok = 3)

By combining (1), (2), and (3), the magnetizing inductance
can be derived in (4). It relates the device output capacitances,
the transformer winding capacitance, the dead time, and the
switching period

Tq((T/2) — Ta)
4(2(]pri,oss + (1/N2) % 2nClsec_oss + Gw)

L, = “4)

where L,, is the magnetizing inductance and 7T’ is the switching
time period.

The secondary-side current I, or Iy» in Fig. 2 is equal to
the primary-side current I, minus the magnetizing current I, .
The average rectified current on the secondary side is the load

current. Considering the half switching time period, we have

2 5 —Tq v,
. /0 (I = Tum)dt = 5 5)
\/ijrms,P sin (W()t — (I)d)7 0<t< T, _ T,
= iR O
Imepka T—ngtg 5
NV, -
- - <t < is
I, = T ok ¥ L, t, 0=t=7% Ty @
IL,,,,pka %—ngtg%

The primary-side sinusoidal rms current at the resonance can
be derived as follows based on the aforementioned equations:

V2T27? 1
Lims.p = L A 8
%R%sz —agp Tl ®
Adding the magnetizing current during the dead time, the
total primary-side rms current can be expressed as

; - I (1 2,
rms_P _total = 8R% N2 (115 — 2Td)2 9 T, Ly —pk*
)

The secondary-side rms current at the resonance can be cal-
culated based on the rms current definition as follows:

Ts
1 71
Irms,S,total = \/T/ ((Ip - ILm ) . N)th (10)
5 J0

Solving (10), the secondary-side rms current can be derived
as

T, — 2T, 18
IrMS_5 _total = N\/2Ts |:II2{MS,P + (g - ﬁ) 7, 4»}

(11

From (9) and (11), the dead time and the peak magnetiz-
ing current impact both primary-side and secondary-side rms
current. Under the predetermined converter specifications and
switching frequency, one tradeoff in the design of the LLC reso-
nant converter is between the dead time and the peak magnetiz-
ing current. As shown in (1), sufficient peak magnetizing current
is necessary to achieve device ZVS turn-on during the dead time.
However, magnetizing current is the circulating current in the
primary-side of converter, which brings additional loss. High
peak magnetizing current induces high rms current, leading to
high device conduction loss and high transformer winding loss,
especially at light-load or no-load condition. Large dead time
is not the right choice for the high-frequency LLC resonant
converter as well. It results in smaller effective energy transfer

VE)QTEWQ 1 2Td 26vpri,ossvin + Cu. V;n + (]-/N)2ncsec,oss * 2‘/:7 ’
Irms,P,total = SRZ N2 b} -+ (12)
L (Ts - 2Td) 2 T Ty
Ji - N T, — 2T, %2T52772 § _ ﬁ QCpri,ossV;n + CyVin + (1/N)2ncsec,oss * 2V, ’
rms_S_total — 21—v9 SR%NQ (Ts B 2Td)2 6 T2 Td

13)
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TABLE I
LLC CONVERTER SPECIFICATIONS

Power rating 300 W
Input voltage 400 VDC
Output voltage 12 VDC
Switching frequency 1 MHz

time from input to load and increases the rms current at full
load. Therefore, low peak magnetizing current and small dead
time are preferable. That means the overall device capacitance
participating in the resonance during the dead time needs to be
small. In order to have a quantified relationship directly between
the device and rms current, (9) and (11) can be combined with
(1), respectively, to obtain (12) and (13), shown at the bottom
of the previous page.

where R, is the load resistance; I;ims_p_total 1S the primary-side
total rms current through L, , as shown in Fig. 1; I ;115 p_total
is the secondary-side total rms current through SR1 (or SR2)
shown in Fig. 1. From (12) and (13), the relationship of the
device and design parameters to the converter rms current is
established. As is expressed that, the primary-side rms current
is impacted not only by the primary-side devices but also by
the secondary-side devices, which is true for the secondary-side
rms current as well.

In the LLC resonant converter, since the conduction loss is
dominant in the device total loss due to the soft switching, it
is preferable to select devices with low on-state resistance to
achieve low conduction loss. However, under the same device
structure and blocking voltage, low on-state resistance usually
means large die size and high output capacitance. According
to (1), (12), and (13), high output capacitance requires high
peak magnetizing current and large dead time, which ultimately
brings high rms current. Consequently, both the on-state resis-
tance and output capacitance have direct impacts on the device
conduction loss. Itis different from the hard-switching converter
that the on-state resistance and output capacitance compromise
between the conduction loss and switching loss. Because of the
high figure-of-merit, i.e., demonstrating a lower output capaci-
tance for the similar on-resistance with Si devices, GaN devices
have the potential to outperform Si devices in the LLC resonant
converter.

B. Device Parameters Impact and GaN Device Benefits in
LLC Resonant Converters

Based on the developed relationships, the GaN HEMTs and
Si MOSFETs are applied in two LLC resonant converters with
the same specifications shown in Table L.

Six-hundred-volt cascode GaN HEMT and Si CoolMOS are
selected for the primary-side devices, and 40 V eGaN FET
and Si OptiMOS are selected for the secondary-side devices.
The device on-state resistances are selected at the same junc-
tion temperatures from the datasheet. Since the device output
capacitance has a nonlinear characteristic, the charge equiva-
lent capacitance is required be applied in (1). The primary-side
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charge equivalent output capacitance Cly.i_ogs is derived from the
total charge divided by 400 V, and the total charge is obtained
from the integral of the nonlinear output capacitance curve in
the datasheet from O to 400 V [31]. The secondary-side charge
equivalent output capacitance Ciec_oss 1S derived at 24 V using
the same approach.

In order to investigate how the device output capacitance im-
pacts device loss, the established relationships in (12) and (13)
are utilized. Assuming the selection of secondary-side devices
is predetermined, the primary-side and secondary-side rms cur-
rent versus the dead time based on (12) and (13) are plotted
in Fig. 3(a) and (b) with different Si and GaN devices. From
Sipril to GaNpri2, the charge equivalent output capacitances
decrease monotonically while the on-state resistances increase.
The minimum rms currents and the corresponding dead times
also decrease along with the output capacitances. The conduc-
tion loss for the primary-side devices are plotted in Fig. 3(c).
Comparing Sipri5 with GaNpril, which have similar charge
equivalent output capacitances, the GaNpril demonstrates al-
most half of the conduction loss of SipriS. For the devices that
have similar on-state resistances, e.g., Sipri4 and GaNpri2, the
GaN device still shows lower conduction loss when the dead
time is small. As a result, the GaN device conduction loss bene-
fits from the low on-state resistance and low output capacitance.
One issue in the analysis using (12) and (13) is that it is not
straightforward to determine the optimal dead time since the
optimal dead times are different for primary-side and secondary-
side rms currents, as shown in Fig. 3(a) and (b). For example,
when applying GaNpri2, the converter can achieve minimum
primary rms current at 70 ns whereas minimum secondary rms
current at 50 ns. Therefore, the optimal dead-time determination
requires the consideration of both primary-side and secondary-
side devices. The predetermined secondary-side device applied
in this analysis is BSCO27NO4LS. It is selected due to its low
on-state resistance without consideration of the output capaci-
tance impact. The combined primary-side and secondary-side
device conduction losses are shown in Fig. 3(d). The optimal
dead times are close to those in Fig. 3(c). The impact of the dead
time is still dominated by the primary-side devices.

In the analysis mentioned earlier, the secondary-side devices
are predetermined in order to show the impact of the primary-
side devices. In order to achieve the high-efficiency requirement,
secondary-side device selection and the number of device in
parallel also need to be optimized. The aforementioned analysis
utilizes seven different primary-side devices, resulting in seven
curves either for the rms current or for the conduction loss. If four
different secondary-side devices are considered and the number
of devices in parallel is from one to six, there will be more than
one hundred cases to study. Therefore, an investigation on how
the secondary-side device impacts the converter rms current is
necessary to assess if the device selection and loss analysis pro-
cess can be simplified. In (12) and (13), the equivalent charge
Ciec_oss2V, is multiplied by the number of devices in parallel
n and then divided by the transformer turns ratio N. Since N is
large in a 400- to 12-V converter, the impact of secondary-side
device output capacitance on rms current is reduced. For exam-
ple, based on the capacitance versus drain—source voltage curves
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primary-side devices. (a) Primary-side rms current. (b) Secondary-side rms cur-
rent. (c) Primary-side device conduction loss. (d) Primary-side and secondary-
side device conduction loss.

in the datasheet, the equivalent charge of Sipri3 (IPP60R199CP)
at 400 V is 131 nC, and for each secondary-side device, it is
44 nC. By having four devices in parallel in each secondary-side
leg and considering 16:1 transformer turns ratio, the secondary-
side device total equivalent charge referring to the primary
side is 22 nC, while the primary-side device total equivalent is
262 nC. Fig. 4(a) and (b) illustrates the variations of the primary-
side and secondary-side rms currents along with the number of
secondary-side devices in parallel when the primary-side de-
vices are fixed. The current differences are smaller than 0.5 and
2 A, respectively, in each figure. Therefore, due to the high
transformer turns ratio, the number of secondary-side devices
in parallel has low impact on the converter rms current. Hav-
ing more secondary side devices in parallel is beneficial to the
conduction loss but the main constraint is on the driving loss as
shown in Fig. 4(c) and (d). In conclusion, the secondary-side de-
vice output capacitances have small impact on the rms current
when the transformer turns ratio is high a 400- to 12-V con-
verter. The device selection process can be simplified without
considering the impact of the secondary-side devices’ output
capacitances, while the driving loss is the main constraint.

After the previously presented analysis, it is necessary to
quantify the GaN benefits by comparing the specific GaN and
Si devices in LLC resonant converters. By applying the analysis,
the devices achieving lowest loss are selected, and four devices
in parallel are chosen for the secondary side. The device key
parameters are shown in Table II and Table III. In the following
comparison, device loss, including conduction loss, driving loss,
and turn-off loss, will be considered.

The primary-side and secondary-side rms currents for the
selected GaN and Si devices are plotted in Fig. 5. As shown
in Fig. 5(a), the minimum primary-side rms current for the
Si-based design occurs at 130 ns, while the minimum for the
GaN-based design is at 80 ns. Fig. 5(b) shows the secondary-
side rms current through each device. For the Si-based design,
the minimum rms current is at 130 ns dead time, while the
GaN-based design shows 70 ns. Since the rms current in the
GaN-based design change between 70 and 80 ns is small in both
primary-side and secondary-side devices, 80 ns is selected as
the optimal dead time in the GaN-based design.

The device loss breakdowns and comparison are shown in
Fig. 6. The primary-side device loss includes conduction loss,
turn-off loss, and driving loss. The turn-off loss is derived from
the measured turn-off energy of the GaN device in switching
test [9] minus the energy stored in the output capacitance from
the datasheet. For the secondary-side devices, since the gate
driving signal is tuned with the primary-side gate driving signal
when the converter operates at the resonance, there is no body
diode forward conduction loss and turn-off loss theoretically.
The total loss is dominated by conduction loss and driving loss.
According to loss breakdown, the GaN device loss demonstrates
about 50% reduction compared with the Si devices.

The impact of primary-side devices paralleling will be an-
alyzed as well. Primary-side device paralleling results in the
increase of primary-side output capacitance, which has more
impact to the rms current than the secondary-side device
paralleling.
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TABLE IV
COMPARISON BETWEEN NONPARALLEL AND PARALLEL CASES

GaN Pri- GaN Sec- Si Pri-RMS/  Si Sec-RMS/
RMS/Dead Time RMS/Dead Time Dead Time  Dead Time
1 primary, 4 2.4 A/80 ns 5.6 A/70 ns 3 A/130ns 6.5 A/130 ns
secondary
2 primary, 4 2.8 A/120 ns 6 A/105 ns 3.9 A/200 ns 7.5 A/200 ns
secondary
Current/dead 0.4 A/40 ns 0.4 A/35 ns 0.9 A/70 ns 1 A/70 ns

time increment

Fig. 7 illustrates the primary-side and secondary-side rms
currents versus the dead time with two primary-side devices in
parallel for both GaN and Si designs. The comparison between
the parallel and nonparallel cases is shown in Table IV. The
results show that the minimum primary rms current of the GaN-
based design only increases by 0.4 A, while the Si-based design
increases by 0.9 A. The minimum secondary rms current of the
GaN-based design increases by 0.4 A as well, while the Si-based
design increases by 1 A. Consequently, GaN exhibits a smaller
loss increase due to the low output capacitance.

The primary-side and secondary-side loss breakdown and
comparison with two primary devices in parallel are shown in
Fig. 8. The primary-side device conduction loss reduction of the
Si-based design compared with the one in Fig. 6(a) is very small.
The reason is that although the equivalent on-state resistance is
reduced by half, the rms current increases. For the Si-based
design, since the conduction loss reduction is even lower than
the increases of driving loss and turn-off loss of the primary-
side devices, the total loss with two devices in parallel increases
by 0.58 W. For the GaN-based design, the total primary-side
devices loss decreases by 0.2 W, which still shows benefits to
the Si-based design. However, when more than two GaN devices
are paralleled in this example, the total loss increases, as shown
in Fig. 9. The reduction of conduction loss is even smaller due
to the increase of rms current.

In this section, the relationships of the device and converter
design parameters to the converter rms current is established.
After that several GaN and Si devices are compared to evaluate
the impact of device parameters on device loss. Finally, losses of
the selected GaN and Si devices are quantified. The GaN-based
design shows about 50% device loss reduction to the Si-based
design.

Primary Side Device Loss Breakdown and Comparison
with 2 Devices in Parallel
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Fig. 8. Device loss breakdown and comparison with two primary-side devices
in parallel. (a) Primary side. (b) Secondary side.
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Fig. 9. Primary device loss vs. the number of device in parallel.

III. GAN DEVICE BENEFITS ON TRANSFORMER WINDING LOSS

In the LLC resonant converter, the inductance that builds the
current to help ZVS of the devices is usually realized by the
transformer magnetizing inductance; therefore, the magnetiz-
ing current is part of the transformer primary-side current, and
the secondary-side current is equal to the primary-side current
minus the magnetizing current. Due to the existence of the mag-
netizing current, a phase shift exists between the primary-side
and secondary-side current. This section first proposes a new
perspective on the phase-shift-induced extra winding loss and
explains the reason. After that, the transformer winding loss
in the GaN-based and Si-based designs are analyzed and com-
pared.

A. Analysis of Phase-Shift-Induced Winding Loss

It is well known that when a transformer winding carries
high-frequency current, the eddy current effects become severe,
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Fig. 10. Interleaving winding structure with H-field cancellation.

leading to unevenly distributed current as well as high wind-
ing loss. An interleaved winding structure helps to reduce the
winding loss by cancelling the leakage magnetic field (H-field)
between the windings where the transformer primary-side and
secondary-side currents exist with the same amplitude and in
opposite directions. In the LLC resonant converter, the two in-
ductors in the resonant tank are usually integrated in the trans-
former as shown in Fig. 1. L, is realized by the transformer
leakage inductance; L,, is realized by the transformer magne-
tizing inductance. As shown in Fig. 2, because of this structure,
the transformer primary-side current [, contains the magnetiz-
ing current I, . The secondary-side current [ that delivers
the energy to the load is the difference between I, and Iy, , .
Due to the existence of I, , there is a phase shift &, which is
determined by

m

—I —Q/T,
®,; = arcsin <ﬂ) = arcsin (ﬁ> (14)
\/ﬁlrms_P \/ilrms_P

where I,,,s_p is the primary-side rms current, I, i is the
peak magnetizing current, Q is the total charge during the soft-
switching transient, and 7 is the dead time.

The transformer winding loss is influenced by the H-field dis-
tribution between the windings. The mutually cancelled H-field
is easily obtained by primary-side and secondary-side winding
interleaving. For example, according to the Ampere’s law, the
H-field in the shaded area in the interleaving winding structure
shown in Fig. 10 can be mostly cancelled, if I, and I exist with
the same amplitude and in opposite directions. However, in the
LLC transformer, I, and I, are asymmetrical with the existence
of ®,. It is difficult to achieve the cancelled H-field between the
two windings.

Ansys Maxwell 2-D simulation is applied to investigate the
impact of ®; on the winding loss. Among all the simulation
solvers, the eddy current solver is not suitable for this simulation,
because it only works for a sinusoidal current excitation. If
there is no center tap for the transformer, the primary-side and
secondary-side currents are symmetrical sinusoidal waveforms
and the eddy current solver can be applied. Since the LLC
transformer is a center-tapped structure, the secondary side takes
a half-wave current. Besides, there is also phase shift between
the primary-side and secondary-side currents. Therefore, the
magnetic transient solver is suitable for this simulation.

A 16:1 transformer winding is modeled in the Maxwell 2-D
simulation in Fig. 11. There are 16 turns in series as the
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Fig. 11.  2-D transformer winding structure in simulation.
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Fig. 12.  FEA simulation results at (a) ®; = 0 and (b) ®; = 0.7.

primary-side winding, and 4 turns in parallel as the secondary-
side winding. The geometry model is axisymmetric about Z-axis
(or RZ plane). Each PCB winding is 70 pm thick (2 oz copper).
The width of the primary-side winding is 1 mm, and the sec-
ondary winding is 5 mm. The space between the PCB windings
is 0.127 mm. The primary-side excitation is the sinusoidal cur-
rent excitation that emulates the primary-side resonant current.
The secondary-side excitation is half-wave current excitation
with 50% duty cycle to emulate the secondary-side current.

In order to have a straightforward understanding on ¢, im-
pact, the amplitude of the sinusoidal current excitation is as-
sumed to be constant in different phase shift cases. By using
the optimal rms current value of the GaN-based design derived
from Section II, ®; impact on the transformer winding loss is
simulated. The simulation results are shown in Fig. 12. As can
be seen in Fig. 12(a), the winding loss changes sinusoidally
in accordance with the primary-side and secondary-side cur-
rents. It reaches the minimum point when the primary-side and
secondary-side currents reach zero. In Fig. 12(b), the winding
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Fig. 14.  Winding loss versus ®;.

loss exhibits a sinusoidal-shaped waveform as well. The mini-
mum loss happens when the primary-side current reaches zero
but still shows about 2 W. In order to have a closer inspection,
the H-field distributions along with the dashed line in Fig. 11 are
plotted in Fig. 13. The current excitation is on P winding and S1
winding. The H-field in Fig. 13(a) is evenly distributed, and it
cancels at each adjacent area of S2. However, in Fig. 13(b), the
H-field is intensified not only in P and S1 windings but also in
S2 winding. Therefore, higher current density is induced. Ac-
cording to the simulation results, ®; = 0 case shows 1.77 W
average winding loss, while ®; = 0.7 case shows 3.03 W aver-
age winding loss.

The winding loss is simulated from ®; =0 to ®; = 0.8.
Fig. 14 shows the simulation results of the winding loss versus
®,. The winding loss increases when @, is becomes large. The
simulation results can be utilized to analyze the impact of GaN
devices on transformer winding loss.

B. Transformer Winding Loss in GaN and Si Designs

As shown in Fig. 5, the GaN-based and Si-based designs
have the optimal dead time 7y and the primary-side rms cur-
rent I.,s_p, respectively. If the dead time changes in a small
range around the optimal point, the variation of the rms cur-
rent is small. Fig. 15 plots the transformer primary-side and
secondary-side rms currents versus the dead time around the
optimal points for both GaN-based and Si-based designs. The
rms currents remain almost constant. On the other hand, based
on (14), ®, is derived by the total device charge Q during the
soft-switching transient, the dead time 7}, and the primary-side
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Fig. 16.  Winding loss versus ®; in the valid range.

rms current I, _p. Due to the variation of the dead time, ®
changes significantly, shown in Fig. 15. Since the winding loss
simulation in finite element analysis (FEA) assumes that the
amplitude of sinusoidal current excitation is constant, the simu-
lation results within the &, range in Fig. 15 are considered valid
for the GaN-based design. Similarly, the Si-based design also
has the valid winding loss results in the ®,; range. Fig. 16 plots
the winding loss versus @, in the valid range. Comparing the
two designs, the Si-based design has not only higher primary-
side and secondary-side currents but also higher phase shift ®;;
therefore, the winding loss is higher. For the optimal dead times
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presented in Fig. 5, which are 130 ns for the Si-based design
and 80 ns for the GaN-based design, the analytical transformer
winding loss is about 0.8 W lower in the GaN-based design,
shown in Fig. 16.

The aforementioned discussion is based on the preselected
devices. However, a more general device selection approach
needs to consider the impact of the transformer winding loss
and &, as well. A direct relation of ®, to the dead time and the
device parameters can be established by substituting (1) and (8)
into (14), which is expressed as (15), shown at the bottom of the
page.

The transformer winding loss versus ®,; can be derived from
the FEA simulation for a certain rms current. The analytical
expression between the winding loss and ®; can be derived by
the curve-fitting method. As an example, Fig. 14 plots the simu-
lated transformer winding loss at the primary-side rms current of
2.4 A. The analytical expression can be obtained as

Pyinding =2-59305 —0.387®3 + 1.309®7 + 0.159®, + 1.767.
(16)
By substituting (15) into (16), the transformer winding loss is
directly connected to the device parameters and the dead time.
It is easy to understand that when the dead time is large, the
required peak magnetizing current is low, and ®; approaches
zero. The winding loss also approaches its minimum value.
d, behaves as an intermediate variable. It has a direct relation
with the winding loss, which is proved by the FEA simulation.
Meanwhile, @, is also related to the converter rms current and
peak magnetizing current and further to the device parameters
and the dead time. As a result, the winding loss can be directly
connected to the device parameters and the dead time in the LLC
resonant converter, which can be utilized in the device selection
process.

IV. ANALYTICAL LOSS BREAKDOWN AND
EXPERIMENTAL VERIFICATION

Based on the analysis of the GaN device impact on device
loss and transformer winding loss, the overall analytical loss
breakdown and comparison between the Si-based and GaN-
based converters are shown in Fig. 17. Both the primary-side
and secondary-side device loss reductions are close to 50%; the
transformer loss reduction is 18%j; and the capacitor ESR loss
reduction is 30%, which is due to the reduced rms current. It
should be noted that the transformer loss in Fig. 17 includes the
core loss, the fringe effect loss, and the winding loss plotted in
Fig 16. The total analytical loss reduction is about 32%.

Both Si-based and GaN-based 400- to 12-V, 300-W, 1-MHz
LLC resonant converter prototypes were built, shown in Fig. 18.
A 16:1 turns ratio ER23/5/13 N49 ferrite planar transformer
was constructed. The PCB winding was designed as the 2-D
model in Fig. 11. The control signals were provided by an
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Fig. 18.  LLC resonant converter prototypes. (a) Si-based prototype. (b) GaN-
based prototype.

FPGA-based digital controller. The dead time was set as 130 ns
for the Si-based converter and 80 ns for the GaN-based converter.

The waveforms of the two converters at full load are shown
in Fig. 19 with the peak magnetizing current marked. The
GaN-based converter demonstrates shorter drain—source voltage
falling time. The peak magnetizing current of the GaN-based
converter is also lower than that of the Si-based converter. The
measured primary-side rms current is 2.99 A for the Si-based
design and 2.35 A for the GaN-based design. The average value
of the output current in the Si-based converter is 25.2 A, and for
the GaN-based converter, it is 25.3 A. It should be noted that
since the layout for the power loops and the values of the pas-
sive components are not exactly the same in both prototypes,
the resonances are not the same. As the switching frequency
needs to track the resonant frequency, the switching frequency
was 930 kHz for the Si-based design and 1 MHz for the GaN-
based design. By changing the switching period 7 from 1000 to
1075 ns in (9) for the Si-based design, the minimum rms current
reduces from 3.01 to 2.94 A. The impact of the rms current and
conduction loss is small.

In order to verify the device analytical loss, thermal test was
implemented on the GaN-based converter prototype. The de-
vice loss versus temperature needs to be established as a ref-
erence. First, 8 V dc voltages were applied between the gate
and source terminals on both top and bottom cascode GaN
devices in Fig. 18(b). After that, by providing the dc cur-
rent from Agilent E3631A power supply to the device and

_(2Cpri,ossvin + Cw * V;n + (1/N)2ncsec,oss * 2‘/:))/Td

d,; = arcsin (

15
\/(‘/E)QT§7T2/8R%N2 (T9 - QTd)Q) + (1/2) . ((QCpri,oss‘/in + Cu; V;n + (]-/N)2ncscc,oss * 2%)/Td)2> ( )
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Fig. 21. Efficiencies of Si-based and GaN-based converters.
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digits high-precision digital multimeter, the device conduction
Fig. 19. LLC resonant converter waveforms. (a) Si-based LLC resonant con- loss was obtained. Meanwhile, the device surface temperature

verter waveforms. (b) GaN-based LLC resonant converter waveforms. was measured by FLIR SC620 thermal imaging camera. As a
result, the primary-side GaN device loss versus temperature was
3000 derived in Fig. 20(a). Applying the measured device tempera-
3500 ture under the same cooling condition when the converter ran at
full load in Fig. 20(b) to the reference, the device loss can be ob-
B s tained. The losses of the secondary-side devices were obtained
E_ 1500 by the same approach. Table V compares the measured loss and
2 1000 the analytical loss. One particular issue is that error percentage
= i of the primary-side GaN device is high. Further investigation
shows that the cascode GaN device has turn-on loss during the

0

soft-switching transient [32]. By including this additional loss
20 30 4DTem52ramf: - c:o 80 90 in our analytical model, the error percentage drops to 6%, which
(F:l) is acceptable. The test results verified the analytical results.

Fig. 21 shows the efficiencies of Si-based and GaN-based

converters under different load conditions. The GaN-based con-

verter demonstrates 96.8% peak efficiency and 96.6% full-load

efficiency, which is about 1% higher than the Si-based converter.
The equivalent total loss reduction is 24.8%.

IV. CONCLUSION

In order to understand the GaN device benefits in an LLC res-
onant converter, this paper first established the relationship of
device and design parameters to the device loss and then quan-
tified the loss reduction by comparing GaN-based and Si-based
designs. Due to the low effective output capacitance of GaN
devices, the GaN-based design demonstrated about 50% device
Fig. 20. Primary-side GaN device thermal test. (a) Device loss versus tem-  105s reduction. Next, a new perspective on the extra winding
perature. (b) Primary-side GaN device thermal image. loss due to the asymmetrical primary-side and secondary-side
currents was presented. The device and design parameters were

(b)
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tied to the winding loss based on the winding loss results in
FEA simulation. The winding loss was reduced by 18% in the
GaN-based design. Finally, the overall analytical loss break-
down was summarized, illustrating 32% total loss reduction of
the GaN-based LLC resonant converter. Both GaN-based and
Si-based converter prototypes were built and tested. A thermal
test was applied to verify the analytical device loss. 1% effi-
ciency improvement and 24.8% loss reduction was achieved
in the 400- to 12-V, 300-W, GaN-based converter operating at
1 MHz switching frequency.
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