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Abstract. After decades of development, the performance of Si-based power
switching devices is approaching its material limits. The power electronic con-
verter is limited to further growth in the direction of high frequency, high efficiency,
and high power density. As an outstanding representative of the third generation
of wide bandgap semiconductor devices, the cascode GaN HEMT utilizes a cas-
code structure to achieve the normally-off nature of GaN devices, with unmatched
steady-state and dynamic performance of Si-based devices. In order to promote
its replacement of Si devices and give full play to the performance advantages, the
cascode GaNHEMT is applied to the soft-switching topology of the LLC resonant
converter in this paper. The relationship between the output capacitance and the
dead-time of the switching device is analyzed. The effects with root mean square
values of the first and second side currents are also considered. Taking advantage
of the small output capacitance of the cascode GaNHEMT, the circulating current
of the converter is reduced, which leads to further reduction of the conduction
and transformer loss. Thus, the efficiency of the converter is improved. An LLC
converter with 97%maximum efficiency and 96.2% total load efficiency was built
to prove the correctness and effectiveness of the analysis.

Keywords: Cascode GaN device · Hard switch · Soft switch · Application
research

1 Introduction

High frequency, high efficiency, and high power density are the inevitable trend of
the development of power electronic converters. High frequency is an effective way to
reduce the volume of passive components and improve the converter’s power density.
However, with the increase of switching frequency, the switching loss and driving loss
of the converter rise rapidly, which leads to the converter’s efficiency reduction. With
the development of power electronics in recent years, a few high-performance Si MOS-
FETs can reach a switching frequency of more than 1 MHz. But the switching speed
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is still limited due to the significant parasitic parameters determined by their materials
and packages, resulting in high switching and driving losses. So the devices can not
be applied on a large scale. Therefore, in recent years, the development of power elec-
tronic converters mainly improves the power density and efficiency of the converter by
researching the converter topologies and the performance of magnetic components.

Due to the material advantages of GaN devices and the reduction of parasitic param-
eters, the switching speed of GaN devices is much faster than that of Si MOSFETs. So
it is possible to increase the switching frequency of the converters with GaN devices.
The research on the static and dynamic characteristics and application of GaN devices
is of great significance to improve the power density and efficiency of the converter.

The static and dynamic characteristics of the cascode GaN devices are different from
those of traditional Si MOSFETs because of the unique structure and material aspects of
the composite of SiMOSFET andGaNHEMT.Moreover, the change rate of voltage and
current in the switching process ofGaNdevices is very high, and the influence of parasitic
parameters at a low switching operation speed of GaN devices can not be ignored. The
resulting voltage and current spikes and oscillations bring about the reliability reduction
of the switching process, the switching loss increase, and the switching frequency limit
of GaN devices. The advantages of GaN devices can not be fully utilized. Therefore,
the parasitic parameters in the application of GaN devices are studied for optimization
to reduce the switching loss and control the voltage and current spikes. The switching
oscillation is critical to the application of GaN devices and also the inevitable choice
to improve the power density, efficiency, and stability of GaN-based converters. At the
same time, in soft-switching topology, it is an effective way to improve the efficiency of
the soft-switching converter by using the smaller parasitic parameters of GaN devices
to improve the conditions of soft switching and further reduce the converter loss.

In 2016, the industry market of gallium nitride power devices was about $12 million.
In 2018, it accounted for 0.67% of the world semiconductor power market. The demand
for gallium nitride power devices is expected to increase with explosive growth from
2018 to 2022, and the value will reach $450 million by 2022.

As the essential component of modern industry, China also attaches importance to
the development of wide bandgap power devices. In the China-made 2025 plan, five
major projects are proposed. In this plan, about the industrial foundation project, it is
put forward that by 2020, 40% of the essential core parts and critical basic materi-
als will be independently supported, including aerospace equipment, communication
equipment, power generation, transmission equipment, rail transportation equipment
and other equipment. The advancedmanufacturing process of essential core components
(components) and critical basic materials urgently needed by household appliances and
other industries has been popularized and applied. By 2025, 70% of essential core parts
and critical basic materials will be guaranteed independently. Therefore, accelerating
the research and application of GaN power devices is also the need of the times and the
nation, which is of great significance to enhance China’s comprehensive competitiveness
and support the world power status.

The factors that limit the frequency rise and stability of the cascode GaN HEMT in
high-speed hard-switching applications are studied in this paper. And the devices are
applied to a hard-switching buck converter. Under the given optimization measures, the
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advantages of high-frequency and high-speed are brought into play, and the stability of
the converter is guaranteed. Switching loss becomes the main part of system loss.

ZVS (zero voltage switch) is realized in LLC resonant soft-switching converter on
the primary side and ZCS (zero current switch) on the secondary side. High energy
conversion efficiency is achieved. In recent years, it has been widely used in switching
power supply, LED-drive power supply, intermediate bus converter, power electronic
transformer, and other occasions. In this chapter, the cascode GaN HEMT is applied to
LLC resonant converter with a soft-switching topology. Using the characteristics of GaN
device with small output junction capacitance, the converter’s cycle current and dead
time are reduced. The loss of the converter decreases and the efficiency of the converter
is improved.

2 LLC Resonant Converter Principle

2.1 Circuit Topology
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Fig. 1. Half-bridge LLC resonant converter topology.

Figure 1 shows the topology of the half-bridge LLC resonant converter, whichmainly
includes four parts. The switching network generates the square waves. The resonant
network consists of resonant capacitor Cr, resonant inductor LR, and excitation inductor
Lm. The rectifier and filter network is composed of a high-frequency transformer with a
middle tap, rectifier diode, and filter capacitor. The switching network consisting ofmain
switchesQ1 andQ2 generates a squarewave voltagewith a 50%duty cycle and adjustable
frequency through complementary conduction. The dead time is inserted between the
complementary conduction ofQ1 andQ2 to prevent the bridge arm frompassing through.
Thus, ZVS on the primary side is realized. The impedance of the resonant network
changes with the change of switching frequency, and the output voltage is adjusted with
the switching frequency. The rectifier diodes D1 and D2 are full-wave rectified, and the
output voltage is filtered by filter capacitor Co.
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2.2 Working Principle

The resonant network composed of resonant capacitorCr, resonant inductor Lr and exci-
tation inductor Lm has two resonant frequencies. The resonant frequency f s of resonant
capacitor Cr and resonant inductor Lr can be obtained by Eq. (1).

fs = 1

2π
√
LrCr

(1)

Resonant frequency fm of resonant capacitor Cr and resonant inductor Lr can be
driven from Eq. (2).

fm = 1

2π
√

(Lr + Lm)Cr
(2)

When the converter switching frequency f works in different load ranges, the system
operates in three states. Figure 2 shows the waveforms of the converter working in
different switching frequency ranges. LLC resonant converter can realize ZVS on the
primary side in the entire load range and ZCS on the secondary side when fm < f <

f s. The resonant network voltage is zero when the converter works at f = fs, and the
efficiency reaches the maximum. Taking the converter working in fm < f< f s state as an
example, the working process of the converter is divided into six stages. The operational
circuit diagrams of different phases are shown in Fig. 3, and working principles are
analyzed in detail.
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Fig. 2. Half-bridge LLC resonant converter operating waveforms.

t0–t1 stage: at the moment of t= t0, the lower transistor Q2 is turned off. At the same
time, the resonant current iLr discharges the junction capacitor of the upper transistor
Q1. The body diode of Q1 turns on, and the drain-source voltage drops to the reverse
conduction voltage drop. The voltage on the excitation inductor Lm is clamped by the
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voltage reflected from the secondary side, and only the resonant capacitorCr and inductor
Lr participate in the resonance.

t1–t2 stage: at the moment of t = t1, the upper device Q1 is conducting under zero
voltage conditions. The input voltage V in is added to the resonant network, and the
current iLr changes sinusoidally. And the excitation current iLm increases linearly. The
difference between iLr and iLm is shown in the shaded part of the figure. And the current is
transmitted to the load through the high-frequency transformer after diode rectification.
Since the switching period is greater than the resonant period, the resonant current iLr
drops to the equivalent of the excitation current iLm before Q1 is turned off. At the
moment of t = t2, the diode D1 is turned off, and this stage ends. When the converter
workswith f s < f , the resonance current iLr ismore significant than the excitation current
iLm until Q1 is turned off.

t2–t3 stage: at the moment of t = t2, Q1 is still conducting, and D1 is off. The
resonant capacitor Cr, resonant inductor Lr, and excitation inductor Lm participate in the
resonance. At the same time, because the resonant current iLr is equal to the excitation
current iLm, the primary current of the high-frequency transformer is zero, and the
primary and secondary sides are disconnected.

t3–t4 stage: at the moment of t = t3, the upper tube Q1 is turned off. The resonant
current iLr discharges the capacitor of the lower tube Q1 junction, and the body diode is
turned on. The voltage onLm is clamped by the voltage reflected from the secondary side,
and the resonant capacitor Cr and resonant inductor Lr participate in the resonance. The
resonance current iLr decreases sinusoidally, and the excitation current iLm decreases
linearly.

t4–t5 stage: at the moment of t = t4, Q2 is turned on under zero voltage conditions.
When the resonant current iLr is sinusoidal goes down to zero and then increases in the
opposite direction. The excitation current iLm changes linearly from a positivemaximum
to a negative maximum. The resonant capacitor Cr discharges, and the stored energy is
transferred to the load in the form of the difference between iLr and iLm.

t5–t6 stage: at the moment of t = t5, iLm drops to iLr = iLm. At this time, diode D2 is
turned off. Because the excitation inductor Lm participates in resonance, and Lm is far
greater than Lr, the resonance current remains constant until Q2 is turned off. When Q2
is turned off, the next cycle begins.

2.3 Fundamental Analysis and Voltage Gain

First harmonic approximation (FHA) is a method to analyze the steady-state model of
the resonant converter. When the converter’s switching frequency works at the resonant
frequency, the resonant network shows high impedance to the higher harmonics far
away from the fundamental wave of voltage and current. The energy conversion of the
converter is mainly completed by the fundamental wave in the Fourier series of voltage
and current. At this time, the steady-state analysis of the converter only considers the
fundamental component, and the error is tiny when the converter works near f s. The
AC steady-state model of LLC Resonant Converter in fundamental analysis is shown
in Fig. 4. Among them, vfund is the fundamental neutral point voltage in the switching
network. RL

′ is the AC equivalent resistance after the load resistance, and the secondary
side of the high-frequency transformer is converted to the primary side.
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Fig. 3. Working mode analysis of half-bridge LLC resonant converter.
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Fig. 4. AC steady-state model of a half-bridge LLC resonant converter.

The fundamental voltage is obtained by the Fourier decomposition of the neutral
point voltage.

vfund = 2

π
Vin sin(2πf · t) (3)

Where, V in is the DC input voltage, and f is the switching frequency of the converter.
AC equivalent resistance RL

′ can be rewritten as follows.

R
′
L = 8n2

π2 · RL (4)

Where, n is the transformation ratio of the high-frequency transformer and RL is the
value of load resistance.
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According to the AC equivalent model of the half-bridge LLC resonant converter in
Fig. 4, the voltage gain Mg can be obtained as follows.

Mg =
∣
∣
∣
∣
∣

(jωLm)‖R′
L

(jωLm)‖R′
L + jωLr + 1

jωCr

∣
∣
∣
∣
∣

(5)

In order to study the influence of the parameters on the gain, the parameters are
normalized.

Mg(fn,Ln,Qe) =
∣
∣
∣
∣
∣

Ln · f 2n
[

(Ln + 1) · f 2n − 1
] + j

[(

f 2n − 1
) · fn · Qe · Ln

]

∣
∣
∣
∣
∣

(6)

fn = f

fs
;Ln = fm

fr
;Qe =

√

Lm
/

Lr

R
′
L

(7)

f n is the normalized frequency. Ln is the inductance ratio. Qe is the quality factor.
Figure 5 shows the relationship between the DC voltage gainMg and the normalized

frequency f n under different loads. The difference between the switching frequency f and
the load value can be divided into three different regions.When the switching frequency f
is equal to the resonant frequency f s, the resonant inductor Lr and the resonant capacitor
Cr resonate in series. They are short-circuited, and the voltage drop is zero. The input
voltage is directly applied to the excitation inductance and load, so the voltage gain is
constant at 1. When the switching frequency f is less than the resonant frequency f s, the
resonant inductor Lr and the resonant capacitor Cr are capacitive to the outside. At this
time, the larger the quality factor Qe is, the heavier the load is, and the more capacitive
the total input impedance is, as shown in area➀ of Fig. 5. The converter can achieve ZCS
on the secondary side, but the primary side will be without ZVS. The lower the quality
factor Qe is, the lighter the load is, and the more inductive the total input impedance
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Fig. 5. Voltage gain vs. normalized frequency curves.
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is. The voltage gain is greater than 1, which is shown in area ➁ of Fig. 5. At this time,
the converter can realize ZVS on the primary side and ZCS on the secondary side. The
intersection line between them is the total load curve, which is shown as a resistance.
When the switching frequency f is greater than the resonant frequency f s, the resonant
inductor Lr and the resonant capacitor Cr are inductive. The excitation inductor Lm and
the load capacitor parallel network are inductive, and the voltage gain is less than 1. The
converter works in the inductive region, that is, region ➂. The converter can achieve
ZVS on the primary side but lose ZCS on the secondary side. In order to realize ZVS on
the primary side, the converter should be designed to work in zone ➁ and zone ➂.

2.4 Effect of Output Capacitance of Switch on LLC Resonant Converter

When the converter’s switching frequency works at f = f s point, the resonant network
voltage is zero as a whole, and the efficiency of transferring energy to the secondary
side reaches the maximum value. Generally, this point is designed as the rated working
state of the converter. Based on the analysis of the working condition of the converter
at f = f s, the dead time of the LLC resonant converter is much less than the switching
cycle time. In the dead time, the primary and secondary sides are disconnected, and the
excitation current iLm is equal to the resonant current iLr. The voltage on the excitation
inductor is the value of the secondary side output voltage converted to the primary side,
which is converted linearly in a quarter cycle and reaches the peak value in the dead
time. The waveform is shown in Fig. 6, and the peak value of the primary excitation
current is iLm_p can be calculated as follows.

ILm_P = nVo

Lm
· T0
4

(8)

In order to realize ZVS at the primary side, the peak value of excitation current iLm_p
in dead time should charge and discharge the output junction capacitance Coss of Q1
and Q2, and the PCB distributed capacitance Cstray in the switching network to make the
drain-source voltage drop to zero before the device is turned on.

ILm_P ≥ 2Vin
(

2Coss + Cstray
)

td
(9)

The distributed capacitanceCstray of PCB is mainly the capacitance between the gate
and source lying in pads and the routing line of PCB, which should be optimized in PCB
plate making. Generally, its value is far less than the output junction capacitance Coss
of the power devices. 2Coss + Cstray = Ceq is proposed, and Eq. (8) is substituted into
Eq. (9) to get the following formula.

Lm ≤ T0td
16Ceq

(10)

From the above analysis, it can be seen that in T /2, the resonance current iLr changes
according to the sinusoidal quantity, and the excitation current iLm changes linearly.

iLr(t) = √
2IRMS_P sin(ωt + �) (11)
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Fig. 6. Resonant current and excitation current at f = f s.

Among them, IRMS_P is the practical value of primary current, ω is the angular
frequency of the resonant frequency, � is the phase difference between resonance cur-
rent and excitation current. In the dead time, the excitation current iLm is equal to the
resonance current iLr.

iLr(t0) = √
2IRMS_P sin(�) = −nV0

Lm
· T
4

(12)

At the same time, the difference between the primary resonance current iLr and the
excitation current iLm is the current transmitted to the secondary side in half a period.

∫ T0
2

0

[√
2IRMS_P sin(ω0t + �) + nVo

Lm
T0
4 − nVo

Lm
t
]

dt

T
/

2
= Vo

nRL
(13)

The excitation inductance Lm is taken as the maximum value under ZVS.

Lm = T0td
16Ceq

(14)

From Eq. (13) and Eq. (14), the relationship among the practical values of primary
current IRMS_P, Ceq, and dead time td can be obtained.

IRMS_P = 1

4
√
2

Vo

nRL

√
√
√
√

256C2
eqn

4R2
L

t2d
+ 4π2 + 16π2(T0td + t2d)

T 2
0

(15)

The RMS of the secondary side current is the current transferred to the secondary
side by the difference between the resonance current iLr and the excitation current iLm.

IRMS_S =

√
√
√
√

∫ T0
2

0 [iLr(t) − iLm(t)]2dt

TS/2

=
√
3

24π

VO

RL

√
√
√
√

256C2
eq(5π2 − 48)n4R2

LT0

t2d(T0 + 2td)
+ 12π4T0

T0 + 2td
+ 48π4(T0td + t2d)

T0(T0 + 2td)
(16)
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Fig. 7. Relationship between the RMS current of the primary side and Ceq and td.
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The current RMS determines the conduction loss of the primary side and secondary
side switching devices and rectifier diodes. In the case of ZVS on the primary side and
ZCS on the secondary side, the conduction loss accounts for an essential part of the
total loss of the converter. Reducing the RMS current of the primary and secondary
side is of great significance to improve the converter’s efficiency. Figure 7 and Fig. 8
respectively draw the graphs of the primary and secondary side current practical value
changing with the equivalent capacitance Ceq and dead time td by Maple mathematical
software. It can be seen that under the condition of a specific dead time td, the primary
and secondary side currents have a minimum value. And with the increase of Ceq, the
primary and secondary side current also increases. Since Ceq is mainly composed of
the output capacitance Coss of switching devices, the smaller output capacitance of Coss
corresponds to the smaller RMS currents of the primary and secondary sides. It is of
great significance to reduce the conduction loss and transformer loss of the converter and
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improve its efficiency. Compared with SiMOSFET, the cascade GaNHEMT has smaller
output capacitance Coss, so it has positive significance for LLC resonant converter to
reduce loss and improve efficiency.

According to the output capacitance of the cascode GaN HEMT TPH3206PSB and
Si MOSFET IPI60R199CP, the change of RMS current at primary and secondary sides
of LLC resonant converter with dead time is obtained, as shown in Fig. 9. It can be seen
that the optimal dead time of Si MOSFET is about 200ns, and the optimal dead time of
GaN device is about 100ns. Comparedwith SiMOSFET, the RMS of the primary current
for GaN device is less than 0.2A, and the RMS of the secondary current is less than 1.5A.
It can be seen that the design of LLC resonant converter using GaN device results in
the turn-off loss reduction of the converter due to the excellent switching characteristics
of the devices. The circulating current of the converter is effectively reduced. The loss
of the converter decreases, and the efficiency of the converter due to its small output
capacitance is improved (Fig. 10).

Fig. 9. Relationship between RMS current and dead time for different output capacitors.

Fig. 10. Parameter design verification.
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3 Experimental Verification and Loss Analysis

3.1 Experimental Verification

A half-bridge LLC resonant converter based on the cascode GaN HEMT TPH3206PSB
is built. It is tested under different load conditions, and the working waveforms of the
converter are shown in Fig. 11. The energy increases with the growth of the load, which is
transferred from the converter to the load. The resonant current rises, and the primary side
cycle energy increases. The converter can realize ZVS at the primary side in the full load
range. Compared with hard-switching applications, the peak and oscillation problems in
soft switching applications vanish, and the stability of the converter is greatly improved.
At the same time, the efficiency of the converter under different loads is tested. As shown
in Fig. 12, the maximum efficiency of the converter can reach 97%, and the full load
efficiency of 96.2% is achieved.

Fig. 11. Converter operating waveforms under different loads.

3.2 Loss Analysis

In order to make further efforts on the influence of the cascode GaN HEMT on LLC
resonant conversion, the loss of the converter is analyzed.
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Fig. 12. Converter efficiency curve.

(1) Switching losses. It mainly includes device switching losses Pswitch, conduction
losses Pcon, and driving losses Pdri.

Since ZVS is realized on the primary side of the converter, the switching loss
only includes the turn-off loss. It can be seen from the previous paper that the
turn-off loss is very small and can be ignored.

Pcon_Q = I2RMS_P · Rds_Q (17)

Pdri_Q = VD · Qg · fs (18)

Among them, the primary side current IRMS_P is given by Eq. (11). Rds_Q is the
conducting resistance. VD is the driving voltage, and Qg is the gate driving charge.

(2) Loss of synchronous rectifier. The synchronous rectification is adopted on the sec-
ondary side of the converter. Since ZCS is realized on the secondary side, the body
diode of the synchronous rectifier has been conducting before the rectifier operates,
which is equivalent to ZVS. The switching loss of the synchronous rectifier can
be ignored, so the loss of the synchronous rectifier is mainly the conduction loss
Pcon_SR, drive loss Pdri_SR.

Pcon_SR = I2RMS_S · Rds_SR (19)

Pdri_SR = VD · Qg · fs (20)

Where, Rds_SR is the conducting resistance of the synchronous rectifier, and the
calculation of the driving loss Pdri_SR is consistent with the primary side.

(3) Loss of magnetic devices. In this paper, the excitation inductance and resonant
inductance are designed as leakage inductance and excitation inductance of the
high-frequency transformer. The loss of magnetic devices is mainly copper loss
PCu and iron loss PFe of the high-frequency transformer. The copper loss PCu is
obtained as follows.

PCu = RCu_P · I2RMS_P + RCu_S · I2RMS_S
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= 2σ jNP

√

πAeIRMS_P + 2σ jNS

√

πAeIRMS_S (21)

Among them, σ is the copper resistivity. NP and NS are the primary and sec-
ondary turns, respectively. j is the current density.Ae is the conductor cross-sectional
area. The iron loss PFe is calculated in Eq. (22).

PFe = Pv · Ve = k · f m · Bn
p · Ve (22)

Where, Pv is the magnetism core specific loss. k, m, and n are constants. f is
the equivalent frequency. Bp is the flux density. V e is the effective volume of the
core. The loss of each part of the converter is calculated as shown in Fig. 13.
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Fig. 13. LLC resonant converter loss analysis.

In LLC resonant converter based on the cascodeGaNHEMT, the device loss does not
account for most of the converter loss, and the high-frequency transformer loss becomes
the most significant part of the system loss under full load. Therefore, to further improve
the converter’s efficiency, it is necessary to use a planar high-frequency transformer to
reduce the transformer loss further.

4 Conclusions

The ccascodeGaNHEMTs are applied toLLC resonant converterwith the soft-switching
topology. The relationship between dead time, primary and secondary current RMS, and
output capacitance is analyzed. At the same time, relying on the advantage of cascode
GaN HEMT with small output capacitance, the soft-switching condition of the LLC
resonant converter is improved. The RMS current of the primary and secondary sides
is reduced. The conduction loss and transformer loss are further reduced. The converter
efficiency is improved. The hardware platform of 240W LLC resonant converter based
on the cascode GaN HEMT is built. The maximum efficiency of the converter is 97%,
and the total load efficiency can reach 96.2%. The loss of each part of the converter
is analyzed, and the direction of further improving the efficiency of the converter is
proposed.
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