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ABSTRACT

Electricity as a clean energy, the proportion of global energy supply is
increasing year by year, with the rapid popularity of mobile robots, mobile robot
applications for mobile robot power supply requirements, miniaturization, high
reliability, high efficiency is the direction of people’s needs.

The purpose of this thesis is to research how a combination of a Totem-
pole bridgeless PFC converter and an LLC converter can achieve a high-efficiency
power supply operating at 500kHz, and to compare the stress and losses in the circuit
between GaN and Si devices.

From the experimental point of view, under the proposed topology, the

operating loss of the Si device is higher than that of the GaN device (21.9868W and
4.1319W), and the power supply can reach 97.5% efficiency.

Keyword : PFC, LLC, GaN HEMT, Miniaturized converter
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CHAPTER I

INTRODUCTION

Overview

There are a number of robots increasing nowadays due to the fast growth of
Artificial Intelligent (Al) that has improved many operations of machines and is
widely adopted in industries such as medical, healthcare, service, hospitality, and
manufacturing. This is because of the fact that these robots and machines have been
employed to perform humans operations during this industrial revolution worldwide
[1].

With the development of the robot industry, the scope of applications of robots is
no longer limited to the industrial field and direction of service fields, such as
cleaning robots, early education robots, entertainment robots, and guiding robots.
There are also some robots used in special environments and occasions, such as
disaster relief robots, defense robots, and detection robots. In addition, more and more
bionic robots are being developed and applied, such as bionic pet dogs. Therefore the
applications of robots seem to be one of the most attractive study fields for many
researchers worldwide.

In general, the service robots are classified into two types by the International
Federation of Robotics (IFR): Personal/household service robots and specialist service
robots [2] as shown in Figure 1.

Housekeeping Sweeping Robots, Weeding Robots,
Robot Window Cleaning Robots

Personal/Household Entertainment
Service Robot Robot

Educational Robots, Toy Robots

Escort Robot Escort Robot, Rehabilitation Robot

Service robot - Automated Guided Vehicle(AGV),
- Rl ieelel Autonomous Mobile Robot(AMR

Protection Drones, Explosive Ordnance Disposal

Robot

Specialist Servi : .
i SRS Field Robot Agricultural Robot
Robot

Commercial
Service Robot

Tour Guide Robot

Medical Robot Exoskeleton Robot, Surgical Robot

Figure 1 robot classification [3]
Alternatively, the robots could be classified as listed in the following categories:



1. Industrial robots

Industrial robots are important automation equipment in modern manufacturing
that integrates advanced technologies such as machinery, electronics, control,
computers, sensors, and artificial intelligence. After more than 50 years of
development, industrial robots have been applied in more and more fields. In the
manufacturing industry, especially in the automotive industry, industrial robots have
been widely used.

The practice has proved that industrial robots are very suitable for heavy work,
simple repetitive work, dangerous work, and work in harsh environments (high
temperature, flammable, explosive, toxic, corrosive, etc.), which can effectively
ensure labor safety and prevent occupational diseases. Improve the labor environment
and greatly increase labor productivity. In addition, the introduction of industrial
robots contributes to product quality and reliability.

2. Service robots

Service robots are a kind of semi-autonomous or fully autonomous robots, which
can complete the service work that is beneficial to human beings. This kind of robot is
mainly used in the service industry, such as cleaning robots, entertainment, and
education robots, rehabilitation robots, and nursing robots for the elderly and the
disabled.

3. Military robots

Military robots are robotic systems designed and developed to perform various
military tasks. From unmanned combat vehicles to small automatic devices like
reptiles, military robots are an important combat force that cannot be ignored on the
battlefield despite their diverse forms. With the development of technology, more and
more robots will appear in various places that are more dangerous or unsuitable for
people to reach.

In the field of military robots, the United States is a well-deserved world
hegemon. On the battlefields of Afghanistan and Iraq, various military robots of the
US military have been used for large-scale verification. In recent years, the focus of
the US military's military robot research and development has been shifting from
auxiliary equipment to main combat readiness. The emergence of unmanned
intelligent combat aircraft represented by X-47B is a representative of this trend.

4. Medical robots

Medical robots are currently mainly used in medical surgical planning simulation,
micro-damage precise positioning operation, non-damage diagnosis and detection,
new surgical medical treatment methods, etc. The emergence of medical robots not
only promoted the revolution of traditional medicine but also led to the development
of new technologies and new theories.



5. Simulation robots

Simulation robots, as the name suggests, are robots that can imitate humans, and
they can be called the "Pearl in the Crown™ in the field of robotics. In this field, Japan
has the most prominent technological advantage.

Commercial, high-tech and social driving factors have had an accelerating effect
on mobile robots, especially autonomous mobile robots. By 2025, the market
penetration rate of mobile robots will still not exceed 30%, but the market
opportunities for autonomous guided vehicles and autonomous mobile robots are still
unprecedentedly huge. Especially the warehousing industry will become a huge
market for mobile robot suppliers. According to research and analysis, 2020 marked a
watershed in the industry. As the economy resumes growth in the middle of the year,
it was reported that the total shipments of mobile robots in 2020 would increase by
more than 25%, and nearly 60,000 AGVs and AMRs will be deployed [4].

The professional service robot market will grow 12% in 2020, from $6 billion to
$6.7 billion. Global robotics market growth has created new opportunities and
additional demand for some service robotics applications. Such as professional
cleaning, logistics robots. Medical robotics is the robotics segment with the highest
growth rate. [2].

Service robots for professional use. Top 5 applications
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Figure 2 TOP 5 applications for professional use [5]

As aforementioned, the development of new types of robots in order to support
the new services are highly required with reasonable cost, high performances. We are
therefore interested to do research in these areas.



Charging modes for mobile robots

The charging mode of a mobile robot depends on the operating performance of
the battery and the charging requirements. There are different standards for battery
charging, with a wide variety and different performance, which makes the charging
modes very different. Currently, there are three main charging modes such as regular
charging, fast charging, and battery replacement [6].

1. Conventional charging mode

When the battery is discharged to a low voltage state, the charging current is
generally small, with a current of about a dozen amps, and this charging mode is
generally referred to as the conventional charging mode. Conventional charging is
also called AC slow charging, grid AC power is converted to DC power by the
charger, and the battery is charged with a low current constant current or constant
voltage charging, and the charging time is generally 5 to 8 hours. The advantages of
the traditional charging method are that the design and installation cost of the charger
is relatively low, and the charging process of the mobile robot can be carried out
during low power hours, which can effectively reduce the charging cost, improve the
charging efficiency and extend the service life of the battery. The disadvantage of the
traditional charging method is that the charging time is long and it is difficult to meet
the charging demand during the peak power consumption period.

2. Fast charging mode

As the traditional charging method of mobile robot battery has a high time cost
and does not match the working hours of the mobile robot, the fast charging method
has emerged. Fast charging, also called DC fast charging, charges the battery directly
through a DC charging device, and the charging current can generally reach hundreds
of amperes, providing a shorter charging time for the battery by means of high-current
charging. The advantage of the fast charging method is that the charging time is short,
which can extend the battery life. However, it is less efficient and more costly than
traditional charging methods. In addition, its safety requirements are relatively more
stringent due to the high current generated during fast charging.

3. Battery replacement method

The battery replacement method, also known as the mechanical charging method,
recharges the mobile robot by directly replacing the battery when the mobile robot
battery runs out of power. This method is not only convenient and fast but also can
improve the efficiency of the mobile robot. In addition, it is also possible to charge
the replaced battery at night, which results in lower electricity costs and increased
flexibility in the use of the mobile robot. However, since the batteries of mobile
robots are heavy, the battery replacement process is correspondingly difficult.

In terms of charging time and work efficiency, the battery replacement method
and the fast charging method have relatively shorter charging times and are more in
line with the needs of users. However, in terms of charging cost, charging safety, and
charging efficiency, the advantages of the traditional charging method are more



obvious, so the traditional charging method is still an irreplaceable charging method
for mobile robots.

Project Importance

One of the most important parts of the robots is the power supply that helps to
convert supplying power into the most suitable amount and levels. A high power
rating power supply would provide more robust and retain greater power conversion
compared to a low power rating power supply. But would encounter some problems
related to the investment costs, power losses, larger size, and heavier weight. As a
result, this causes the crucial demand for optimum mobility and miniaturization that
has led to the development of miniaturization of the various modules of the robots. In
addition, the volume of the power module is also a major factor that restricts the
volume and portability of the robots. Due to the fact that the volume and heat
dissipation limitations of the power device. Therefore, designing a power supply with
high efficiency, small size, and low heat generation is particularly important for the
development of the robotics industry.

In this recent years, the GaN based electronic devices would possibly be used to
replace the conventional Si based electronic devices used nowadays due to their
higher power density rating, smaller size, and lighter weight. There are some research
works that have been studied on these devices available in literatures[7-14]. But
performance in terms of efficiency and performance compared to the Si based devices
has not been properly compared. In this research, the comparison of GaN based
switching devices for the most suitable totem-pole bridgeless for AC power
conversion and the half-bridge LLC circuit for DC power conversion used in
commercial robot power supply adaptors in terms of efficiency, power quality, and
dynamic response performances will be examined and compared to the conventional
Si based switching devices. The results from both simulation and experimental tests
will be used to validate the research study.

Purposes of Research

The purpose of this research is to study, design, and construct a power supply
with GaN based switching devices compared to the conventional Si based switching
devices, which could satisfy the following features:

1. Suitable size and weight for the service robot equipment (such as Automated
Guided Vehicle (AGV), Autonomous Mobile Robot (AMR), Drones, etc.)

2. Higher efficiency
3. Better power quality and dynamic responses



CHAPTER 11l
LITERATURE REVIEW

To power robots to perform actions as commanded, the suitable levels and
amount of electric power have to be managed before supplying the robots.
Commonly, there are 2 main parts concerned which are the power conversion part and
the battery charger part. The power conversion part of a typical power supply consists
of several electronic devices or circuits. The battery charger consists of an EMI filter,
an AC-DC power factor correction (PFC) converter to charge from the grid, and a
DC-DC converter to regulate the voltage across the storage. In this research, the
power conversion part will be considered.

There are 2 main components of the power conversion part under this study: AC
power conversion and DC power conversion, respectively:

AC-DC

AC power from the grid is used to provide power to the service robot. Therefore,
the AC power from these sources must be converted to a suitably sized DC power
before it can be fed to the robot. There are many types of AC power conversion
circuits available, and the rectifier bridge of a conventional rectifier filter circuit is
only turned on when the input sine wave voltage is near its peak. As a result, the input
electrical process generates severe non-sinusoidal waves, leading to a large harmonic
current component in the input, reducing the utilization of the grid and potentially
interfering with other appliances[15-19]. However, in this study, the most commonly
used power factor correction (PFC) will be considered, where the pre-stage PFC
circuit has two functions, one is to stabilize the DC bus voltage to provide a larger
input voltage for the post-stage circuit, and the other is to improve the system power
factor to avoid harmonic pollution to the grid. There are various methods to improve
the power factor, among which the active power factor correction method is widely
used because of its simple structure, convenient control, and the best correction
effect[20]. The active power factor correction method reduces the current harmonic
pollution by controlling the grid current waveform as a sinusoidal waveform with the
same frequency and phase as the grid voltage to improve the system power factor, and
the common topologies are Buck circuit, Boost circuit, Cuk circuit and Zeta
circuit[21]. Cuk and Zeta circuits are relatively complex, using two inductors,
although their input and output currents are smoother, their size and mass are larger.
This paper will use the Boost PFC circuit as an AC-DC circuit.

There are currently six bridgeless PFC topologies, as shown in Figure 3.
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Figure 3 PFC converters (a) Diode bridge converter [22], (b) Symmetrical
bridgeless [23], (c) Symmetrical bridgeless with common mode filter [24], (d)
Two-way switch bridgeless PFC [15], (e) totem-pole bridgeless [25], (f) Fake
Totem Pole PFC

The detailed features of these 6 PFC topologies are as follows:

(a) Diode bridge converter [22]

The diode bridge converter has 2 diodes (rectifier bridges) turned on each time,
and a MOS or boost diode is turned on, that is, 3 power devices are turned on each
time, and the loss is large.

(b) Symmetrical bridgeless [23]

When this kind of PFC is in the positive and negative half cycle, two
semiconductor components, one freewheeling, and the other acting as a high-
frequency switch.

The advantage of this topology is that fewer power components are used, and the
two transit can be driven together, which simplifies the design of the drive circuit and
makes it possible to directly use the traditional APFC control chip.

However, it has several problems at the same time. The current flow is
complicated and does not share the ground, current sampling is difficult, and there is a
large common-mode interference. Therefore, the input filter must be carefully
designed.

(c) Symmetrical bridgeless with a common mode filter

This topology is improved from Symmetrical bridgeless, adding D3 and D4 as
low-frequency current loops, and S1 and S2 only serve as high-frequency switches
without participating in low-frequency freewheeling. Same as the standard bridgeless
PFC, S1, and S2 can be driven at the same time, and inserting a sampling resistor after
the two low-frequency diodes D3 and D4 can simply sense the current like a normal



PFC. At the same time, this topology has a lower common-mode current. However,
this topology must use two inductors, the current flow is uncertain, the low-frequency
diode and the body diode of the MOS may be turned on at the same time, which
increases the instability factor.

(d) Two-way switch bridgeless PFC [15]

S1 and S2 form a two-way switch, they can be driven at the same time, the
current can be easily detected by using a current transformer, D1 and D3 are ultra-fast
recovery diodes, and D2 and D4 can use low-frequency diodes. The disadvantage is
that the potential of the entire circuit changes drastically with respect to the ground,
which will cause a more serious EMC problem than Symmetrical bridgeless. The
output voltage cannot be directly sampled, and isolation sampling is required.

(e) Totem-pole bridgeless [25]

Evolved from Symmetrical bridgeless, but the principle is slightly changed. D1
and D2 are low-frequency diodes, and the body diodes of S1 and S2 provide high-
frequency rectification switching functions. This kind of circuit has lower EMI, uses
fewer components, and the design can be very compact. But S1 and S2 need to use
different driving signals, and the signals are different for different power frequency
cycles, which increases the complexity of control, and S2 is not easy to drive. If S1
and S2 use MOSFET, the body diode of MOSFET has a slower recovery (usually
hundreds of ns), which will generate a larger current backflow pulse, causing a large
loss, which is enough to offset the advantage of bridgeless and low loss. If S1 and S2
use IGBTSs, although the performance of their body diodes is no problem, their turn-
on voltage drops are relatively large, and high losses will also be generated, especially
in the case of low voltage input.

(f) Fake Totem-Pole PFC

Evolved on the basis of totem-pole bridgeless, D2 and D4 replace the
freewheeling effect of the original body diodes inside S1 and S2. The control method
is the same as totem-pole bridgeless. This topology requires two inductors, the
utilization rate is not high, the volume is large, and S2 is extremely difficult to drive.

Among the above 6 PFC topologies, (a) has excessive losses, (b) and (d) have
more serious EMI problems, and (c) and (f) have fewer EMI problems, but additional
components are required. Totem-pole bridgeless PFC(e), which belongs to the
bridgeless PFC family, can not only save conduction loss, especially at low line
voltages but also emits less common mode EMI noise [15, 26, 27]. Therefore, the
Totem-pole bridgeless PFC topology is the best choice for the AC-AD link in this
study.

DC-DC

DC-DC circuits generally require it to be small to reduce the size and mass of the
power supply. One of the main means of miniaturization is to reduce the size of the
energy storage components in the circuit by increasing the switching frequency of the
switching transistors. However, as the switching frequency increases, the switching



losses of the switching transistors also increase, which can lead to serious system heat
generation and increase the difficulty of heat sink design. Therefore, DC-DC circuits
generally use soft-switching technology to achieve zero-voltage switching or zero-
current switching of the switching transistors to reduce the switching losses. Common
DC-DC converters include zero-switching PWM converters, zero-conversion PWM
converters, phase-shifting full-bridge converters, quasi-resonant converters, and fully
resonant converters [28, 29].

Zero-switching PWM converters and zero-conversion PWM converters realize
the soft switching process of the main switching transistors by adding auxiliary
circuits and switching transistors, which only shift the losses and do not reduce them,
and increase the complexity and cost of the circuit. Phase-shifted full-bridge
converters operate by shifting the switching transistors to complement each other's
conduction and resonate with the converter to realize the soft-switching process of the
switching transistors without adding additional circuitry, but the primary current is
larger, the conduction loss is larger, and the duty cycle is lost. The quasi-resonant
converter can only make the circuit work in the resonant state in a specific period of
time, but not at other times, when the switching process is hard switching, which will
produce large switching losses.

Unlike traditional PWM (Pulse width modulation) converters, LLC is a resonant
circuit that achieves a constant output voltage by controlling the switching frequency
(frequency adjustment).

D,

Figure 4 LLC converter topology [25]

To manage the voltage across the battery, the half-bridge LLC resonant converter
[30-36] is used as a DC-DC converter. This converter is particularly common because
it switches at zero voltage across a large input voltage range, resulting in reduced
switching losses. As a result, LLC converters may be utilized to alter the PFC
converter output (380-400V) to double the fundamental frequency ripple to 48V for
battery charging applications. Another feature of this converter is its ability to
transition softly over the whole load range [37]. The switching loss of the power
supply can be decreased using soft switching technology, and the efficiency and
power density of the power converter may be enhanced.
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Control Strategy

1. Boost PFC circuit control strategy

Boost PFC circuits have two control objectives: one is to make the output voltage
stable, and the other is to make the power factor close to 1. Boost PFC circuits have
three control strategies: continuous current mode (CCM), intermittent current mode
(DCM), and critical current mode (BCM) [38].

The inductor current under CCM control is continuous, with small ripple and low
THD, which is beneficial to the design of the filter inductor, while the output voltage
fluctuation is small and the output capacitor requirement is not high, but the CCM
control structure is complex and requires measuring both the grid voltage and inductor
current. BCM control is between CCM control and DCM control, but it generates a
large current loop, which makes the switch tube undergo large current stress. In order
to meet the requirements of the high power factor of the power supply, the CCM
control method with better overall performance should be selected.

2. LL.C resonant converter control strategy

There are four basic control strategies for LLC circuits: pulse frequency
modulation (PFM) [39-41], phase shift modulation (PSM), pulse width modulation
(PWM), resonant frequency modulation (RFM) [42].

The traditional control strategy for LLC converter is pulse frequency modulation
(PFM). The resonant tank impedance distribution is modified by adjusting the
switching frequency and ultimately regulates the output voltage.

Phase shift modulation (PSM) can regulate the converter at a constant switching
frequency. The phase shift can be applied either on the primary side or the secondary
side. For primary side PSM (PSPSM) [43, 44], the converter is regulated by
modifying the inverter output voltage waveform. The soft switching operation for the
lagging leg is very challenging, which cannot be satisfied with a large phase shift
angle. Thus, the suitable operating voltage gain range is restricted. On the other hand,
the secondary side PSM (SSPSM) [45] can be utilized to regulate the LLC converter,
the secondary unregulated rectifier diodes are replaced with MOSFETS to implement
phase shift control on the secondary side. Therefore, the output voltage regulation is
achieved with SSPSM.

Pulse width modulation (PWM) as a common control strategy can also be applied
for LLC converter. If the PWM control is applied on the primary side, it is called
PSPWM [46]. Thus, the output voltage can be regulated based on the percentage of
either full-bridge operation or half-bridge operation. Generally, the issues with these
control strategies are high cost and low power density due to the additional
components.

Resonant frequency modulation (RFM), which can dynamically adjust the
resonant tank components’ impedance. Thus, the voltage gain is adjusted. For RFM,
the essence of the output voltage regulation is the control of the normalized switching
frequency. If the switching frequency is kept constant, then, by adjusting the resonant
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frequency, the normalized switching frequency can also be modified, and finally, the
output voltage is regulated.

Considering the power supply requirements for efficiency, pulse frequency
modulation(PFM) control is more suitable for fully resonant converters.

Power supply complete topology

Based on the above comparative selection of AC-DC converter and DC-DC
converter respectively, the overall topology of the power supply can be obtained as
shown in Figure 5. Among them, the PFC circuit adopts the totem-pole bridgeless
PFC circuit to reduce the system loss and improve the system efficiency by using its
feature of fewer components and no rectifier bridge; the DC-DC converter adopts the
full-bridge LLC resonant converter to reduce the switching tube loss by using its
feature of soft switching of power tubes, thus further improving the system efficiency.

Totem-pole bridgeless PFC Converter

AC
Vi

o

Figure 5 The converter configuration of the proposed system.

Selection of semiconductor devices

The largest portion of the power losses in power electronic converters is
dissipated in their power semiconductor devices. Currently, these power devices are
based on the mature and very well-established Si technology although Si exhibits
some important limitations regarding blocking voltage capability, operation
temperature, and switching frequency. At present, the highest commercial Si IGBT
breakdown voltage capability is 6.5 kV with limited switching performance, and not
any Si-based device may operate above 200 °C. These unavoidable physical limits
reduce drastically the efficiency of current power converters, which require among
others, complex and expensive cooling systems and expensive passive components.
Consequently, a new generation of power devices based on wide bandgap (WBG)
semiconductor materials is expected for power converters. The use of these new
WBG power semiconductor devices will allow increasing the efficiency of the electric
energy transformations achieving a more rational use of the electric energy together
with a considerable improvement in size and robustness of power converters.

Among the possible semiconductor materials candidates, Silicon Carbide (SiC)
and Gallium Nitride (GaN) show the best tradeoff between theoretical characteristics
(high blocking voltage capability, high-temperature operation, and high switching
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frequencies), real commercial availability of the starting material (wafers and
epitaxial layers), and maturity of their technological processes. Figure 6 highlights
some key material properties of WBG semiconductors candidates to replace Si [47,
48].

High voltage Electric Field -
operation (MV/cm)
5 e S| C
4 GaN
Thermal
Energy gap (eV) Conductivity
(W/cm.°C)
High T°
Electron velocity Melting point appllcatlons
(x107 cm/s) (x1000 °C)
Ao W
Y
High Frequency
switching

Figure 6 Summary of Si, SiC, and GaN relevant material properties [49]

The breakdown voltage of SiC and GaN is 10 times higher than that of Si, which
makes them suitable for high voltage applications. SiC has higher thermal
conductivity than both GaN and Si, which makes it more suitable for high temperature
and high power applications. In terms of comprehensive parameters, GaN has the best
performance. Therefore, based on the principle of high efficiency, it is more
appropriate to choose GaN devices.
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CHAPTER Il
METHODOLOGY

Totem-pole bridgeless PFC control logic

Figure.7 shows simplified equivalent operation principles of the Totem-pole
bridgeless PFC circuit. There are 4 modes of operation as explained bellows:
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O4L  Sp SH X ] E’}
c) Negative cycle charging mode d) Negative cycle after-flow mode

Figure 7 Totem-pole bridgeless PFC simplified illustration [17]

The GaN transistors Q1 and Q2 form a high-frequency bridge arm operating in
the high-frequency PWM mode, and the Si MOSFET transistors S1 and S2 with low
on-resistance form a low-frequency bridge arm operating in the industrial frequency
switching cycle, in the positive half-cycle of the input voltage, the Si MOSFET
transistor S1 turns on while the Si MOSFET transistor S2 turns off, and in the
negative half-cycle of the input voltage, the Si MOSFET transistor S2 turns on while
Si MOSFET transistor S1 turns off.

When the input voltage is positive half-cycle, the circuit is divided into two
operating modes: when Q1 is on, the input current charges the inductor L through the
high-frequency switching transistor Q1 and Si MOSFET transistor S1, and the energy
required by the load is provided by the capacitor C. When the high-frequency
switching transistor Q1 is off, the high-frequency switching transistor Q2 is on, and
the current path at this time is the power supply L terminal — inductor L — high
frequency switching transistor Q2 — load — Si MOSFET transistor S1 — power
supply N terminal, the input power, and inductor together to supply the load. When
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the input voltage is negative half-cycle the circuit is divided into two operating
modes: when the high-frequency open-switching transistor Q2 is on, the input current

through the high-frequency on-switching transistor Q2 and Si MOSFET transistor
S2 to charge the inductor L. The energy required by the load is provided by the
capacitor C, when the high-frequency on-switching transistor Q2 is off, the high-
frequency on-switching transistor Q1 is on, and the input power and the inductor L
jointly supply the load through the Si MOSFET transistor S2 and the high-frequency
on-switching transistor Q1.

From the above modal analysis, it is clear that the primary side current path
contains only one high-frequency switching transistor and one low-frequency
switching transistor, and there is no diode voltage drop. In the positive AC voltage
cycle, two GaN high electron mobility transistors Q1 and Q2 form the Boost
synchronous rectifier circuit, while one transistor Q1 acts as the master switch to
make the power supply charge the inductor, the other transistor Q2 acts as the slave
switch to make the power supply and the inductor jointly supply the load, while in the
negative AC voltage cycle, the master and slave functions of two GaN high electron
mobility transistors Q1 and Q2 are switched.

In order to prevent the bridge arm from going through, a dead time must be set
between the two GaN high electron mobility transistors Q1 and Q2. It is possible to
operate in continuous conduction mode.

Design of the Totem-pole bridgeless PFC Converter Parameters

SYMBOL PARAMETER MINIMUM | NOMINAL | MAXIMUM | UNIT
Vin AC input voltage 100 230 264 V AC
fiine Line frequency 47 50 63 Hz
Vout Output voltage 385 V DC

Pout (nom) Output power 550 Watt
n Targeted efficiency 99%
<5%
Targeted input current @>30%
iTHD THD Load
PF Targeted power factor 0.98
Fsw Switching frequency 500 k Hz

Table 1 Target design parameters for the PFC stage

First, determine the maximum average output current, IOUT(max) as Equation 1:

Iout(max) =

Pout(max) _ 550w

Vac link

385V

= 1.434

1)

The maximum input RMS line current, IIN_RMS(max), is calculated using the
parameters from Table.1, and the efficiency and power factor initial assumptions are
calculated as follows:
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_ POUT(max) _ 550w _

Iinrmsmaxy = MPFCXVIN(mimXPF  99%X100VX0.98 5.674  (2)

To determine the boost inductor, the maximum-allowed ripple current is

calculated first. The maximum ripple current is observed at the lowest input voltage

and maximum load. Assuming a maximum 40% ripple in the inductor current, the
ripple current would be calculated as follows:

_ VOUT(max)_\/EVIN(min) _ 385V —/2x100
INripple(max) Ve link 385

I =0.63 (3)

The minimum value of the boost inductor is calculated based on the acceptable
ripple current, at a worst-case duty cycle of 0.63:

1-DUTYmax
FswxXxI

Lpoost = Vour(max) X DUTYinax) X = 160uH (4)

INripple(max)

The output capacitor, Chus, is sized to meet the DC link ripple and holdup
requirements of the converter. The ripple of DC link voltage can be calculated by
Equation5:

_ Poyrx0.0032
Vripple i T

()

The holdup time required by this design, THoldup is 2ms. The average bus
voltage is set at 385V, which is correlated with the LLC transformer ratio.
Considering the DC link voltage has a +/-10V ripple at full load, the DC BUS voltage
will be VBUS(norm) = 365V in the valley point.

Considering the gain of LLC can not be too wide, the minimum input of LLC is
set at VBUS(min) = 320V. For energy, the minimum value of BUS capacitance can
be calculated using Equation 6.

ChusXVpus

TH oldup

Cour = 2 X Poyrmominal) X 72 2
OUT (norm) ~ Y OUT(min)

2ms

3652V -3202V L (6)
Considering that in the subsequent analysis, GaN and Si MOS need to be used for

simulation comparison analysis, all parameters need to be consistent, so the input and

output indicators of the power supply and related main power device parameters are
as follows:

=2 X500 x

lutput current ripple inductor: Lboost = 1000 uH
Output filter capacitor: Cout = 660 uF
Power frequency Si MOS transistors selection: ipw65r041cfd
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LLC resonant converter control logic
1. How it works when fm < f < fs

When the operating frequency is fm < f < fs, The equivalent circuit of each
operating phase is shown in Figure 8.The operating waveform of the LLC resonant
converter is shown in Figure 9. According to Figure 9, one switching cycle can be
divided into 8 operating phases.
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Phase 1 (t0<t<tl)

At the moment t0, Q2 turns off and the circuit enters the phase 1 state, when the
current flowing through the resonant inductor Lr is negative, so the body diode of Q1
conducts, creating the conditions for the ZVS of Q1 to conduct. The energy in this
stage is fed back to the input Vin.

When the body diode of Q1 conducts, iLr starts to increase and the polarity of the
primary side of the transformer is up positive and down negative, forcing the
secondary diode D1 to conduct and the transformer starts to output voltage at the
secondary. nVo on Lm is clamped by the output voltage so that only Lr and Cr are
involved in resonance and Lm is charged at constant voltage during this process.

At the moment t1, the resonant current iLr rises to 0 and the phase 1 operating
state ends.

Phase 2 (t1<t<t2)

When the resonant inductor current iLr changes from negative to positive, it
enters the working phase 2. Q1 has been added to the gate turn-on signal in phase 1,
S0 it turns on positively at the moment of t1, at which time the rectifier diode D1 turns
on and the transformer primary voltage is clamped at nVo, Lm is charged linearly at
this voltage and does not participate in resonance. At this phase, the whole circuit
resembles a series of resonant circuit with resonant inductor Lr and resonant capacitor
Cr, and energy is transferred from input Vin to Vo.

At the moment t2, the Lr current is equal to the Lm current and the phase 2
operating state ends, when the current of the output diode D1 becomes 0.

Phase 3 (t12<t<t3)

At time t2, the current iLr of inductor Lr is equal to the current iLm of inductor
Lm, rectifier diodes D1 and D2 are reverse biased and cut off, the output is isolated by
the transformer, and Lm starts to participate in resonance, forming a resonant circuit
in series with Lr and Cr. The output capacitor Co discharges and continues to supply
power to the output.

Q1 turns off at t3 and the phase 3 operating state ends.
Phase 4 (t3<t<t4)

At t3, Q1 and Q2 turn off and enter the dead time. The resonant current charges
the parasitic capacitor Cossl of Q1 and discharges the parasitic capacitor Coss2 of
Q2. At this time, the current in Lm is larger than the current in Lr, and the difference
between them flows through the primary side of the transformer, and the rectifier
diode D2 starts to conduct.

At t4, the discharge of Coss2 ends, and the body diode of Q2 turns on, at which
point the phase 4 operating state ends.

Phase 5 (t4<t<th)

At t4, Q1 is still off and the body diode of Q2 is on, creating the conditions for
the ZVS of Q2 to be on.
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At this time, the rectifier diode D2 is on and the transformer primary voltage is
clamped at -nVo, which is negative and positive. Lm is linearly charged at this
voltage and does not participate in resonance, only Lr and Cr participate in resonance,
and the resonant current flows through Lm and the primary side of the transformer
and the body diode of Q2, and the energy is transferred to the output Vo.

At the moment t5, the resonant current iLr drops to 0 and the phase 5 operating
state ends.

Phase 6 (t5<t<t6)

At t5, Q1 is turned off and Q2 is on. At this time, the rectifier diode D2 is on, and
the transformer primary voltage is clamped at -nVVo, with negative upper and positive
lower. Lm is linearly charged at this voltage and does not participate in the resonance.
Only Lr and Cr participate in the resonance, and the resonant current flows through
Lm and the primary side of the transformer, transferring energy to the output Vo.

At t6, the Lr current is the same as the Lm current and the phase 6 operating state
ends, when the current of the output diode D2 becomes 0.

Phase 7 (t6 <t<t7)

At t6, the current of inductor Lr and inductor Lm are equal, rectifier diodes D1
and D2 are reverse biased and cut off, the output is isolated by the transformer, and
Lm starts to participate in resonance. The resonant current circulates in Q2 and the
resonant cavity. The output capacitor Co discharges and continues to supply power to
the output Vo.

The phase 7 operating state ends when Q2 is turned off at t7.
Phase 8 (t7 <t<t8)

At t7, Q1 and Q2 turn off and enter the dead time. The resonant current charges
the parasitic capacitor Coss2 of Q2, and discharges the parasitic capacitor Cossl of
Q1. Since the current in Lr is larger than the current in Lm, the difference between the
two flows through the primary side of the transformer, and the rectifier diode D1
starts to conduct.

At t8, Q1 starts to conduct and the circuit enters the next cycle.

2. How it works when f = fs

Figure 10 shows the operating waveform of the LLC resonant converter at f = fs.
When f = fs, this operating state is a special case of fm < f < fs. In contrast to
operation at fm < f < fs, there are only six operating phases, without phase 3 and
phase 7. At this time, the resonant current is a pure sine wave, and the currents in
rectifier diodes D1 and D2 are critically continuous.
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Figure 10 LLC resonant circuit Operation waveforms with f = fs

3. How it works when f > fs

When the LLC resonant converter operates at f > fs, the equivalent circuit of each
operating phase is shown in Figure 11, and the main operating waveforms are shown
in Figure 12. According to Figure 12, one switching cycle can be divided into 8
operating phases.

The operating characteristics of the LLC resonant converter are similar to those
of the series resonant converter when f > fs. Lm never participates in the resonance
and is always clamped by the output voltage. Lm is never involved in resonance and
is always clamped by the output voltage.
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Phase 1 (t0<t<tl)
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This phase is similar to the one at fm < f < fs, where the current in the resonant

inductor Lr flows through the body diode of Q1, creating the conditions for the ZVS
conduction of Q1. The rectifier diode D1 conducts, Lm is clamped by the output
voltage, and only Lr and Cr are involved in resonance.
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The phase 1 operating state ends when the resonant current iLr rises to 0.
Phase 2 (t1<t<t2)

At t1, Q1 turns on, rectifier diode D1 turns on, and Lm is clamped by the output
voltage and does not participate in resonance. At this phase, the whole circuit
resembles a series resonant circuit with resonant inductor Lr and resonant capacitor
Cr.

When QL1 is turned off, the phase 2 operating state ends.
Phase 3 (t2<t<t3)

At 2, Q1 and Q2 turn off and enter the dead time. The current flowing through Lr
and Lm charges Q1's parasitic capacitor Cossl and discharges Q2's parasitic capacitor
Coss2. Because the switching period is shorter than the resonant period of resonant
capacitor Cr and resonant inductor Lr, when Q1 turns off, the resonant current has not
yet completed half a cycle.

Therefore, the current in Lr is larger than the current in Lm, and the difference
flows through the primary side of the transformer, the rectifier diode D1 is still on,
and Lm is clamped by the output voltage.

When Coss2 is discharged, the body diode of Q2 is turned on, and the working
state of phase 3 is finished at this time.

Phase 4 (t3<t<t4)

At this time iLr continues to decrease to less than iLm, the difference between the
two flows through the primary side of the transformer, the polarity of the primary side
of the transformer becomes up negative and down positive, the rectifier diode D2
begins to conduct, Lm is clamped by the output voltage.

The working process of the latter half-cycle converter is similar to that of the first
half-cycle, so the subsequent half-cycle working process will not be described in
detail.

Design of the LLC Resonant Converter Parameters

SYMBOL | PARAMETER MINIMUM | NOMINAL | MAXIMUM UNIT
VIN DC input voltage 320 385 395 V DC
Vout Output voltage 45 48 52 V DC
Pout Output power 528 Watt
n Targeted efficiency 95%

fsw Switching frequency 116 k Hz

Table 2 Target design parameters for the LLC stage

From the nominal input voltage Vin_nom, the transformer turns ratio can be
determined.

Vinnom
n S e g
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The required gain at maximum and minimum input voltage can be determined
using the following equations.
nxX(Vy+Vg)

Mmin - Vin_max/2 (8)
nx(Vy,+Vg)
Mmax - Vin_min/I; (9)
Mmin= 0.5367 and Mmax= 0.6625 can be obtained.
Calculate the equivalent load resistance:
R, =2 x% (10)
e g2 I,

The resonant circuit is composed of resonant capacitor Cr and resonant inductor
Lr. The resonance parameters can be calculated from the following equations:

1
€ = oaur, -
1
Ly=—> 12
" arrolc (12)

The magnetizing inductance can be calculated as:
L, =mXL, (13)

Finally get Cr = 2*47nF, Lr = 20uH.

In a real transformer, the resonant inductance can be integrated into the
transformer, and the primary coil inductance is equal to:

L, =Ly, +L, (14)

For an integrated transformer, the actual turns ratio of the transformer should be
calculated according to the following formula.

L.+L
Nyreal = rL—mm (15)

The secondary and primary side turns can be calculated according to the

following formula.
Vo+VE

s = 4f minXABXAg (16)
Np = Ng X Nyeqy (17)

Finally get Nps=18:5.

The DC characteristics of LLC resonant conversion are divided into the zero-
voltage operating region and zero-current operating region. This transformation has
two resonant frequencies. One is the resonance point of Lr and Cr, and the other is
determined by Lm, Cr, and load conditions. The heavier the load, the higher the
resonant frequency. The calculation formulas of these two resonance points are as
follows[50]:
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1

i = s (18)
1
e = e, 19

In order to improve the efficiency as much as possible, it is necessary to set the
operating frequency around frl when designing the circuit. Among them, frl is the
resonant frequency of the Cr, Lr series resonator. When the input voltage drops, a
larger gain can be obtained by reducing the operating frequency. By choosing
appropriate resonance parameters, LLC resonant conversion can work in the zero-
voltage operating region no matter the load changes or the input voltage changes.
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CHAPTER IV
TEST RESULTS AND DISCUSSIONS

This chapter presents the test results to confirm and validate the feasibility of the
proposed study. The following steps illustrate the simulation process performed using
the simulation software (Synopsys Saber2012) and present a discussion of the results.

Simulation Models

Figure.13 and Figure 14 show the simulation circuit of Totem-pole bridgeless
PFC and LLC. Table 3 shows the key parameter comparison between the GaN HEMT
(LMG3410R070) [51] and the Si MOS device (IPB60R070CFD7)[52].

Figure 13 Totem-pole bridgeless PFC Simulation Circuit

@

Figure 14 LLC Simulation Circuit
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Figure 15 simulation schematic diagram details comparison, (1) GaN HEMT
(LMG3410R070), (2) Si MOS (IPB60R070CFD7)

29

Symbol Parameters Si CoolMOSCFD7 GaN HEMT Unit
IPB60R070CFD7 LMG3410R070
VDS Drain-to-Source Voltage 650 600 V
RDS(ON) | Drain-to-Source On Resistance 70 70 mQ
QG Total Gate Charge 67 4.5 nC
Effective Output Capacitance

COER) Energy Related % & PF
CO(TR) Effective Output Capacitance 990 145 OF

Time Related

Table 3 Comparison of key parameters between GaN HEMT (LMG3410R070) and
Si MOS device (IPB60R070CFD7).

When simulating GaN HEMT and Si MOS devices, as shown in Figure 15, it is
only necessary to replace Q3 and Q4, and all other parameters of the simulation
circuit remain the same. In the Totem-pole bridgeless PFC simulation, the GaN
HEMT simulation uses a switching frequency of 500KHz, and the Si MOS device

uses a switching frequency of 100KHz.

Simulated Results

To verify the performance comparison of the proposed GaN-based HEMT with
silicon-based Totem-pole bridgeless PFC Circuit and LLC resonant circuit, the
following tests were performed.
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Comparison of the Totem-pole bridgeless PFC Circuit Outputs, Figure 16 is the
output voltage and current waveforms using the GaN HEMT device, Figure 17 is the
output voltage and current waveform using the Si MOS device, it can be seen that the
output of the Totem-pole bridgeless PFC circuit using the GaN HEMT device is more

stable.
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Figure 16 Totem-pole bridgeless PFC Circuit output voltage and current waveforms

using the GaN HEMT device
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Totem-pole bridgeless PFC Circuit output voltage and current
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Comparison of LLC resonant circuit output, Figure 18 is the output voltage and
current waveforms using GaN HEMT devices, Figure 19 is the output voltage and
current waveforms using Si MOS devices, Vrms=48.795 V, Irms=10.589 A when
using GaN HEMT devices, Vrms=48.74 V and Irms=10.577 A when using Si MOS
devices, it can be seen that the two types of output waveforms in the LLC resonant
circuit are basically the same when the resonant frequency is not high.

p

Figure 18 LLC Resonant Circuit output voltage and current waveform using the GaN

HEMT device

Figure 19 LLC Resonant Circuit output voltage and current waveform using the Si
MOS device

2. Comparison of Voltage and Current Stresses on Semiconductor Devices

Figure 20 is the Totem-pole bridgeless PFC Circuit GaN HEMT device voltage
and current, Figure 21 is the Totem-pole bridgeless PFC Circuit Si MOS device
voltage and current, since GaN has no body diode problem, it can be seen that the
peak reverse recovery current of the PFC circuit of the GaN-based device is -6.8595
Apeak, while that of the Si-based device is -144.98 Apeak. This shows that GaN-
based devices provide less voltage and current stress on circuit elements than Si-based
devices.
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Figure 21 Totem-pole bridgeless PFC Circuit Si MOS device voltage and current

Figure 22 is the voltage and current of the GaN HEMT device in the Totem-pole
bridgeless PFC circuit, and Figure 23 is the voltage and current of the Si MOS device
in the Totem-pole bridgeless PFC circuit. When using the GaN HEMT device,
Vpeak=385.63 V, Ipeak=5.5811 A, when using the Si MOS device Vpeak=385.22 V,
lpeak=5.485 A, it can be seen that in the LLC resonant circuit, the current and voltage

stress of GaN HEMT and Si MOS are basically the same.
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3. Semiconductor device loss comparison

Figure 24 is the Loss of Totem-pole bridgeless PFC Circuit GaN HEMT device,
its average loss is 1.043 W. Figure 25 is the Loss of Totem-pole bridgeless PFC
Circuit Si MOS device, its average loss is 18.898 W. The loss of Si MOS device is
18.12 times that of GaN HEMT device.
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Figure 24 Loss of Totem-pole bridgeless PFC Circuit GaN HEMT device

-
o

Figure 25 Loss of Totem-pole bridgeless PFC Circuit Si MOS device

Figure 26 is the Loss of LLC Resonant Circuit GaN HEMT device, its average
loss is 1.9608 W. Figure 27 is the Loss of LLC Resonant Circuit Si MOS device, its
average loss is 3.0889 W. When LLC uses GaN as the main switching device, its loss
reduction effect is not as obvious as that of the PFC stage, mainly because LLC is a
soft switching topology, and its switching loss is already very small. Compared with
GaN devices, the Si MOS used The Rdson of the device is also 70mQ. Therefore,
compared with the PFC stage, the loss of the GaN HEMT device is only 63.5% lower
than that of the Si MOS device.



Figure 26 Loss of LLC Resonant Circuit GaN HEMT device

Figure 27 Loss of LLC Resonant Circuit Si MOS device

35




36

CHAPTER V
CONCLUSIONS

This chapter presents the conclusions drawn from the simulations in Chapter 4,
along with recommendations and future work.

Conclusions

In Section 1. Comparison of the Outputs, it can be seen that the output of the
Totem-pole bridgeless PFC+LLC power supply based on GaN devices is more stable.
And because the GaN HEMT device operates at a higher frequency, the required
inductor volume is smaller, according to the calculation in Chapter 3, when the GaN
HEMT operates at a frequency of 500 kHz and the Si MOS operates at a frequency of
100 kHz, the inductance volume required by the GaN device circuit is only 20% of
that of the SI MOS device circuit, and the overall volume can be smaller.

In Section 2. Comparison of Voltage and Current Stresses on Semiconductor
Devices, it can be seen that due to the slow recovery of the body diode of MOS, a
large current inversion pulse will be generated, and the peak current will be extremely
large, which will cause great danger to the circuit, while GaN HEMT has no body
diode, so there is no this problem.
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Figure 28 Switching Device Total Loss Comparison

In Section 3. Semiconductor device loss comparison, we can see the loss
comparison of GaN HEMT device and Si MOS device in Totem-pole bridgeless PFC
circuit and LLC resonant circuit. The losses of Si MOS devices are very high,
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reaching an average loss of 18.898 W, while the average loss of GaN devices
operating at 500kHz is only 1.043 W. In the LLC resonant circuit, although the loss of
the GaN HEMT device (1.9608 W) can still reduce the loss by 1/3 compared to the
loss of the Si MOS device (3.0889 W), the loss is compared to the total output. It is
not high. Considering the current cost gap between GaN HEMT and Si MOS devices,
it can be considered that GaN HEMT devices are only used in Totem-pole bridgeless
PFC circuits.

Suggestions and Future Works

From today's point of view, GaN HEMT devices are developing faster and faster
in the power supply field, and more and more power supplies based on GaN HEMT
devices are available. The Totem-pole bridgeless PFC circuit + LLC resonant circuit
topology is highly efficient due to its saving of components. With the performance
advantages of GaN HEMT devices, there is great development potential in the future.

For the future work, the first is to perfect the power supply design and increase
the EMI simulation test, and the second is to make the power supply experimental
prototype and complete the test.
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