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摘要

圖騰柱無橋功率因數修正轉換器操作於連續導通模式時，常見金氧半場效電晶體之基體
二極體開關的反向恢復電流(Irr)有著使用上的難度。由反向恢復電流可能造成的切換損失與低
落效率因此限制了圖騰柱無橋功率因數修正器調校應用較新元件的能力。在使用由
Transphorm 公司 TO-247 封裝 600V IGBT 之後即能在功率轉換應用中獲得更多的系統效益。本
論文將提供此架構的深入研究，其中包括以氮化鎵高電子移動率電晶體取代 TO-247 封裝中的
金氧半場效電晶體並以碳化矽蕭特基二極體取代快速回復二極體等討論與分析。
為驗證分析，以使用電力電子系統模擬軟體(PSIM 10.0.3)來詳加模擬文中經設計的連續導
通模式型圖騰柱無橋功率因數修正轉換器。此圖騰柱功率因數修正器的控制設計由電流控制迴
路、電壓控制迴路以及脈波寬度調變所組成以控制各個主開關。傳統升壓式無橋功率因數修正
控制研究包含藉由開關切換的操作控制以維持高功率因素。文中模擬波型皆是在電力電子系統
模擬軟體(PSIM 10.0.3)中模擬運行 5 秒的結果。其中以電力電子系統模擬軟體(PSIM 10.0.3)運
行模擬 TO-247 封裝氮化鎵高電子移動率電晶體的結果、非理想元件特性波型與效率皆與
Transphorm 工程師所說明相符。模擬結果與分析計算相互比較評估，圖騰柱功率因數修正器
適用於連續導通模式，並能藉由使用氮化鎵高電子移動率電晶體封裝來達到高功率品質之效。
模擬電路的輸出電壓為 407V 而當負載額定約 950W 時功率因素依然高於 97.24%。當開關切換
頻率設計高達 100k 赫茲時，量測計算的效率甚至可高達 98.74%。

關鍵字：圖騰柱功率因數修正轉換器、氮化鎵高電子移動率電晶體、反向恢復電流、反向恢復
電荷、連續導通模式、電力電子系統模擬軟體(PSIM)
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Abstract
The Totem-Pole bridgeless Power Factor Correction (PFC) converter inherits the
MOSFET built in body diode reverse-recovery current (Irr) at Continuous Conduction Mode
(CCM). The Irr issues limit the Totem Pole PFC to be adapted in the newest technological
devices due to switching losses and low efficiency. The introduction of the first 600V
transistor in a TO-247 package by Transphorm, shaped the Totem-Pole PFC in CCM
operation attaining greater system benefits in power conversion application. This thesis will
provide an insight approach by implementing the GaN HEMT in a TO-247 package replacing
the MOSFET and SiC Schottky diode replacing the fast recovery diodes in this topology.
To verification a universal CCM totem pole bridgeless PFC converter is design and
simulated using PSIM 10.0.3 software. The control design for the totem pole PFC consists of
a current control loop, voltage control loop and Pulse width modulation (PWM) to control
main switches to be active at every positive or negative half cycle. The traditional boost
bridgeless PFC control encompass by PWM signal to operate switches in order to maintain
very high PFC as proposed. The simulation waveforms were obtained after five seconds of
simulation in PSIM 10.0.3. It is clearly noticed that PSIM 10.0.3 print the characteristic of
non-ideal components waveforms and efficiency for the GaN HEMT in a TO-247 package as
explained by Transphorm engineers. Simulation results compared with calculation, it’s
notable that the totem-pole PFC is applicable at CCM operation, attaining high power
qualities by using GaN HEMT package. The output voltage is 407V and PF higher than
99.44% when the load is approximately 950W. The measured efficiency achieves 98.74% at
high line conduction with switching frequency 100kHz.

Key words: Totem-Pole PFC, GaN HEMT, Irr, Qrr,CCM, PSIM
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Chapter 1

1.1

Introduction

Background
As the advent of technology continues to spark in our era, Power Factor Correction

(PFC) technology has become an essential part of most power electronic production to meet
the required of modern technologies [1-7]. Electrical applications drawing power from the
grid increase harmonic distortion, the demand of PFC application is significantly in demand
for power conversion efficiency. To meet environmental protection standards and reduce the
grid pollution, researchers proposed the bridgeless PFC [1-11] as a possible solution to
reduce conduction and switching losses while increasing circuit efficiency.
The bridgeless PFC topologies gain reputation for simplistic design eliminating
components on the power path and reduce the conduction losses by 30% to 60% as estimated
[10-13]. The reverse recovery current encountered in the body diode of the MOSFET made
this topology reliable for critical conduction mode (CrCM) and discontinuous conduction
Mode (DCM) applications [5-7].
Today a more efficient and reliable AC/DC power converter is required to maintain
power devices operation optimized at Continuous Conduction Mode (CCM); this implies
minimal conduction and switching losses at high frequency. Therefore, bridgeless PFC
designers target to improve efficiency, eliminate reverse recovery current, reduce the size of
topology, cost and design [6]. Hence, the bridgeless PFC topologies are a hot topic for
researchers to improve efficiency and PFC in modern technology [13-23]. The traditional
Boost PFC topology and the totem-pole bridgeless PFC converter were set to test by adapting
state-of-the-art transistors increasing load efficiency and eliminate reverse recovery issues
mentioned [5-17]. Overall result triggered engineers to contribute in this topology as the
outstanding design for this century.
1

1.2

Motivation
The bridgeless PFC converter using MOSFET and IGBT are limited to practical

production due to the reverse recovery phenomena and high switching losses operating in a
continuous conduction Mode (CCM) [4-7]. Solution for reverse recovery issue used in this
type of topologies requires additional components or extra circuit to reduce losses while
reducing efficiency and power density. Extra components in the current path made the
bridgeless PFC converters pricey and enhanced considerable high conduction losses. The
PFC demand became necessary to reduce harmonics distortion from the supply [14-21].
Harmonic distortion causes energy wasted, damages electrical equipment, creates equipment
malfunction and line overheating. Therefore, it is urgent to determine an effective way of
eliminate all issues due to low PFC for the betterment of everyone [12&13].
Although the traditional boost PFC and Totem-Pole PFC converters are the most
popular topologies among AC/DC converters [5&7], the conduction losses from line bridge
rectification is significant. Today, the GaN HEMT technology brought light to the bridgeless
PFC converters inheriting Zero Voltage Switching (ZVS), very low conduction losses High
voltage rating, high current density, high switching speed and no reverse recovery current
issue [29-38]. The GaN HEMT characteristics are highly recommended for Bridgeless PFC
converters for high power switching application and high power efficiency.
The reliability of circuit efficiency has shown great increase importance in refining and
innovating, the social infrastructure in the new century by the use gallium nitride high
electron mobility transistor GaN HEMT technology [30-35]. The breakthrough of
consumption losses of electrical devices and realizing the drastic performance bandgap of
semiconductors such as the GaN HEMT and Silicon diodes have attracted attention for
implementation in the bridgeless PFC converters [32-39]. Therefore, High power density is
2

one of the key drivers and metrics for the advancement of power conversion technologies. As
noted from many engineer points of view, the GaN HEMT technology configuration provides
high expectation of efficiency in bridgeless PFC converter drastically reduces harmonic
distortion, high PFC and eliminates energy wasted by overheating switches due to reverse
recovery charges [29].

1.3

Thesis Structure
This thesis focuses on a bridgeless totem-pole PFC universal Continuous Conduction

Mode (CCM) high power efficiency by using GaN HEMT device technology.
introduces the research background and motivation.

Chapter 1

Chapter 2 gives a thorough review of

the different bridgeless PFC topologies highlighting advantages and disadvantages base on
CrCM, DCM or CCM implementation. In Chapter 3 the general Totem-Pole PFC with GaN
HEMT device operation modes will be discussed and analysis of topology simulation
waveforms through the PSIM 10.0.3. Chapter 3 also gives a detailed description of
components selection and designs that will render benefits of the converter at CCM operation.
Chapter 4 elaborates on the implementation of the GaN HEMT in the Totem-Pole PFC
converter maintaining a CCM operation with high power condition application. The
traditional average control current mode will be adapted in the proposed converter to stabilize
the efficiency and (PFC) application as factors that other researchers may wish to adapt.
Chapter 5 will offer a detail formulation of switching energy losses calculation. The
switching conditions derived from the components operations including characteristics at
turning-on and turning-off losses behaviors. Chapter 6 will focus on obtaining the switching
and conduction losses calculations. This section will also include the comparison of
MOSFET and GaN HEMT device energy loss simulation approach.

Chapter 7 is the

summary of the investigation, contribution of thesis, future work and references.
3

Chapter 2
2.1

Bridgeless Boost topologies overview

Bridgeless Boost topologies PFC overview
The rapid escalation of contemporary technological apparatus such as laptops, cell

phones, flat screens interface, workstations and data servers increasingly challenge AC to DC
power supply for higher efficiency requirements. Climate savers computing initiatives [12]
and environmental Protection Agencies (EPA) [13] impel designer and engineers the urgency
to determine an achievable method or technique of greatly reducing power losses [14-22]. In
the review of the request, designers and engineers has shown favorable attention to the
bridgeless PFC topologies among all AC/DC converters. This converters design reduces
conduction losses by the simplistic architecture and as result increase the circuit efficiency
[3-11]. The bridgeless PFC circuit is not fully adaptable since the harvesting of energy
supply is not as effective as anticipated for harmonics from the line bridge rectifier [31]
which limits the performance and reliability of the entire circuit.
The bridgeless boost PFC topologies has been proposed [1-7] which attracted an
enormous scope of attention on engineering studies globally. Unfortunately, the successful
designs already studied and experimented have not earned enough popularity for
implementations due to switching losses, conduction losses, extra components, extra circuit,
High EMI, complicated control design, low efficiency, hard switching, high voltage pick or
reverse recovery issue [1&5]. Therefore, I am proposing a possible universal Totem-pole
Bridgeless PFC converter using GaN HEMT device technology with circuit efficiency of
99.8%, maintaining the traditional structure of Boost Bridgeless PFC while reduce switching
losses at hard-switching and increase of load efficiency operating at CCM. This is a
promising combination of design that can gain structure implementation in the near future for
its qualities and efficiencies [35-39]. Hence, the proposed topology will be investigated in
this research.
4

2.2

Conventional PFC Boost rectifiers
Consists of a full-bridge diode rectifier followed by the boost converter shown in

Figure 2-2 (a) and 2-2 (b). The diode bridge rectifier is used to rectify the AC input voltage
to DC output voltage, which is then delivered to the boost circuit section. The diode
rectifying distorts input current waveform with large harmonic content.

As a result, the

power factor becomes very poor. This approach works effectively for low to medium power
range applications.

Figure 2-2(a)

When the switch
capacitor
switch

Figure 2-2(b)

Conventional PFC

Conventional PFC

is ON, the DC source energizes the inductor

while, the

maintains the output voltage using the previously stored power. When the
is OFF, both the DC source and the energy stored in the inductor will supply power

to the load, hence boosting the output voltage. The duty ratio value determines the output
voltage, higher than the input voltage. The output ground is always connected to the AC
source through the full-bridge rectifier diodes

and

noise than the bridgeless PFC boost rectifier[1&7].

, it has relatively less common mode
In this configuration require three

semiconductor devices hence, degrades the efficiency. Main disadvantage of this topology is
high input current ripple.
5

2.3

Bridgeless PFC Boost Converter
The bridgeless PFC boost converter Compared to the conventional PFC boost rectifier,

one diode is removed from the line-current path, so that the line current simultaneously flows
through only two semiconductors, resulting in reduced conduction losses and increase of
efficiency. The boost inductor is located at AC side to construct the boost structure [1-4]. The
power MOSFET instinct body diodes are used to replace two slow diodes and provide the
return path. Switches

and

are driven with PWM signal, which greatly simplifies the

control circuit. This topology reduces the number of semiconductor and conduction loss, but
also solves the heat dissipation of the input rectifier bridge problem [4].

Figure 2-3(a)

Figure 2-3(b)

Bridgeless PFC boost

Bridgeless PFC boost

When the AC input voltage goes positive as shown in Figure 2-3(a), the gate of switch
is driven and current flows from the input through the inductor
the switch

, storing energy. When

turns off, the inductor discharges shown in figure 2-3(b). In positive half-cycle

inductor current goes through diode
body diode of switch

, through the load

and returns back through the

. Similarly happens during the negative half cycle of the input signal.

In each AC half line cycle, one of the MOSFET operates as an active switch and the other
one operates as a diode [1&10].

6

However, the bridgeless PFC converter is limited by the high common-mode noise problem
caused by the high switching frequency. During the positive half-line cycle, the output
ground is always connected to the input AC source through the power switch

body diode.

This high frequency pulsating voltage source charge and discharge the equivalent parasitic
capacitance between the output ground and the AC main line, significantly increasing
common-mode noise. To solve this serious common mode noise issue, a large EMI filter is
required.

2.4

Semi-Bridgeless PFC Boost Converter
Semi-Bridgeless PFC converter reduce the common-mode noise is by adding two slow

diodes and an additional inductor to supply a LF path between the output ground and AC
source [1]. In positive half-line cycle, the output ground is connected to the AC source
through the slow diode

and during negative half-line cycle, the output ground is

connecting to the AC source through the slow diode

. The symmetric inductors works as a

common-mode filter to reduce the common-mode problem found in this topology [1&11].

Figure 2-4(a)

Figure 2-4(b)

Semi-bridgeless PFC

7

Semi-bridgeless PFC

The switches

and

are driven with the same PWM signal, which significantly

simplifies the implementation of control circuit. During the positive half cycle, the first dc/dc
boost circuit operation as shown in figure 2-4(a) and 2-4(b). When switch
inductor

stores energy through the path

figure 2-4(a). When switch
through diode

, load

and

connects the AC source shown in

turns off, the stored energy in the inductor

, and returns through the diode

Similar conduction happens when

is ON, the

discharges

as shown in figure 2-4(b).

is in controls for the negative half cycle.

The disadvantage is that it requires two inductors but two inductors have better thermal
performance. In (DCM) this mode requires larger core, higher

R loss which results to high

ripple current and skin effect losses due to inductor current variations. In (CCM) results in
lower

R losses, lower ripple current and lower inductor core losses [10]. Also, reduces the

problem of electromagnetic interference and allows for a smaller input filter to be used.

2.5

Dual Boost Bridgeless PFC with bidirectional switch
The Dual Boost Bridgeless PFC with bidirectional switch is another modified

bridgeless PFC technology shown in Figure 2-5(a). This topology survive CM noise problem
by adding two diodes
with

and

and

. The topology re-organized show in figure 2-5(b) and 2-5(c),

fast recovery diodes and

and

are slow-recovery diodes [18-19].

Figure 2-5(a) Dual Boost Bridgeless PFC with bidirectional switch
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The Dual Boost Bridgeless PFC with bidirectional switch inherits the same operation
principle as the other bridgeless PFC converter discussed. The topology in figure 2-5(a) can
be modified as figure 2-5(b) and figure 2-5 (c) shown for the positive half cycle [4].

Figure 2-5(b)
Switch
through diode

Figure 2-5(c)

Dual boost PFC

Dual Boost PFC

controls the positive half cycle; the output ground connects to the AC source
. Switch

AC source through the diode

controls the negative half cycle; the output bus connects to the
. Therefore, the output voltage is no longer floating, which

makes the common mode interference smaller. The major drawback of the topology the gate
terminal voltage requires isolated gate drive transformer; which makes design difficult [1].
The main difference between figure 2-5 (a) and figure 2-5 (b) and (c) topology is
common-source node of switches

and

is disconnected from the output ground. In both

circuit topology designs only two semiconductor devices are in operating state, so the
conduction losses are low. In the aspect of sampling the inductor current, complex detection
circuit is required. Meanwhile, body diodes of the switches

and

are also in high

frequency (HF) switching state hence, the topology should not be used in Continuous
Conduction Mode (CCM).
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2.6

Pseudo Totem-Pole Bridgeless PFC Topology
The Pseudo Totem-Pole PFC is a variation of the bridgeless PFC with two dc/dc boost

circuits shown in figure 2-5(a). Based on the position of main switches this topology is
called pseudo totem-pole bridgeless PFC boost rectifier [7], shown in figure 2-6(a) and figure
2-6(b). The Pseudo Totem-Pole Bridgeless PFC does not undergo the CM noise problem.

Figure 2-6(a)

Figure 2-6(b)

Pseudo Totem-Pole

Pseudo Totem-Pole

The positive half cycle shown in figures 2-6(a) and figure 2-6(b), Switch
inductor

stores energy while

controls,

supplies the load shown in figure 2-6 (a). When switch

is OFF, the stored energy is released as shown in figure 2.6(b). Therefore, the dc/dc boost
circuit

-

-

is active through diode

, which connects the AC source to the output

ground. A similar operation follows during a negative half-line cycle; dc/dc boost circuit,
-

-

are active through diode

terminal of the output. Switches
Furthermore, switch

and

, which connects the AC source to the positive
cannot be driven with the same PWM signal [4-7].

requires an isolated gate drive to operate in a safe condition at DCM.

This Topology requires a complex control and drive circuit. Consequently, it is less attractive
implementation than the Dual Boost Bridgeless PFC with bidirectional switch.
10

2.7

Totem-Pole Bridgeless Boost PFC Topology
The Totem-Pole Bridgeless Boost PFC topology is a modification of the basic

bridgeless PFC boost converter, by exchanging the position of diode
Switch
and

controls the positive half cycle and

and switch

[1-10].

controls the negative half cycle, Diodes

are slow-recovery diodes,
When comparing the bridgeless PFC topologies; either the common-mode noise

problem, add extra components to reduce the noise disturbance and work effectively on
(DCM) or (CrCM). The Totem-Pole Bridgeless Boost PFC converter shown in figure 2-7(a)
and 2-7(b), has won popularity due to simple structure, very small common-mode noise, low
component cost, basic bridgeless PFC and uses the same PWM signal to drive the gate of
switches [7-10]. Moreover, it works effectively at CCM condition with switching frequency
more than 100kHz with high power density.

Figure 2-7(a)

Figure 2-7(b)

Totem-Pole PFC

Totem-Pole PFC

This circuit suppresses the common-mode noise by changing the semiconductors’
position as shown in figure 2-7(a) and 2-7(b). During a positive half cycle as shown above
the AC source is connected to the output ground through diode

. Similarly, during a

negative half cycle (not shown), the AC source is connected to the positive terminal of the
11

output through diode

[4&5]. Despite the totem-pole PFC possesses more advantages over

the other topologies it is not favorably implement practically. The intrinsic diode in the
MOSFET makes the totem-pole PFC suitable for Discontinuous Current Mode (DCM) or
Critical Mode Operation (CrCM). The body diode of the MOSFET has the same effect as
the traditional boost PFC fast-recovery diode. The reverse-recovery performance of the body
diodes in the MOSFET makes the CCM in totem-pole PFC circuit impractical to implement.

2.8

Totem-Pole Bridgeless PFC issues
One of the issues found in the totem-pole bridgeless PFC is the reverse recovery charge

in the diode line rectification shown in figure 2-8(a). The slow reverse recovery diode (
(

) or

) characterisitcs when changing from positive to negative half cycle of vise-verse was

printed by PSIM 10.0.3 for AC half-line cycle rectification. Therefore, I am prososing to use
silicon schottky diode to eliminate this behaviour.

Figure 2-8(a) Reverse-recovery issue at line rectification
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Figure 2-8(b) “Intrinsic body diode Irr” represents the turn-on voltage of main switch
S2 in the first waveform. The second waveform is the reverse recovery current characteristic
of intrinsic diode when its turn-off. The behavior can be capture while the main switch is
turned-ON while the opposite switch body diode is still conducting. The third waveform is
the turn-on gate signal sent to the gate of main switch

.

Figure 2-8(b) Body Diode reverse-recovery issue
The reverse-recovery performance of the body diodes of the MOSFET makes CCM
operation of the bridgeless PFC boost rectifier impractical to implement. Some Zero Voltage
switching (ZVS) control methods are proposed to reduce reverse recovery of the body diode
but extra components need to achieve CCM which induces conduction losses [3-6].
.

In general although the totem-pole PFC has many more advantages than any of the

bridgeless PFC rectifiers discussed, the conventional switching characteristics are not making
the topology acceptable in a wide range. Hence, the proposal of using GaN HEMT as
solution to the issues mention in the totem-pole PFC to operate at CCM [29&38].
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2.9

Bridgeless PFC components Summary

The Table 2-9 below represents a member of the bridgeless PFC boost rectifier family
comparing the different Bridgeless PFC topologies by summarizing the components in the
different topology. Table 2-9, indicates the complexity of the circuit or control use and
identifies the number of semiconductor in the current path [21].

Table 2-9: Bridgeless PFC component comparison
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Chapter 3
3.1

GaN HEMT Device based on Totem-Pole PFC converter

GaN HEMT overview

Chapter 2, presented a thorough analysis and comparison of the advantages and
disadvantages of the bridgeless PFC converter.

Furthermore, it was highlighted that the

totem-pole PFC with MOSFET is not operable in Continuous Conduction Mode (CCM) due
to the reverse-recovery phenomenon. As solution to this issues, a 600V GaN HEMT device
and SiC schottky diode can replace the MOSFET and slow recovery diode in the totem-pole
PFC for higher circuit efficiency available in CCM operation [9] [29-32].
The advent of GaN HEMTs technology has emerged as a promising and significant
with better figure of merit [36-39], nearly ideal switches applications. GaN HEMT devices
have a much lower gate charge (

, lower output capacitance charge (

) and very fast

body diode. Therefore, GaN HEMTs are capable of operating at considerable switching
frequency above 100khz higher than the silicon MOSFET while maintaining very high
efficiency [37-40]. The GaN switch can carry the freewheeling current without the need of
an additional anti-parallel diode [38]. The GaN HEMT technology is a combination of a GaN
switch and low-voltage silicon MOSFET shown in Figure 3-1(a) [35-39].

Figure 3-1(a): GaN HEMT structure
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The ON state current, irrespective of its direction, flows through the channels of both
the MOSFET and GaN switch [35]. The MOSFET body diode may conduct during the dead
time when both switches are OFF. The depletion mode HEMT characteristics are normallyON, with low ON-resistance, bi-directional conduction, No intrinsic body diode and no
reverse recovery issue. The ON- resistance of the silicon MOSFET very small, possesses an
excellent body diode and enable turn-off ZVS in almost any topology. As noted by (APEC)
[28] the GaN switch has no junction, provide more linear output capacitor charge (

and

limited dead time in resonant [29]. Transphorm’s hybrid transistor freewheeling current does
indeed flow in the body diode of the Silicon FET but since it is low-voltage part, the injected
charge is very small that is neglected [35].

Figure 3-1(b): GaN HEMT current path
The figure 3-1(b) is the GaN HEMT transistor current path for the three modes of
operation. As a basic characteristic of a 600V GaN HEMT, the voltage drop from source to
drain decreases about 0.8V with a 5A reverse current when the gate drive is improved [32].
Therefore, the reverse-recovery charge of the GaN HEMT device is much smaller than the Si
MOSFET [32-38] at hard switching effective for the Totem-Pole bridgeless configuration.
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3.2

Transphorm GaN HEMT device structure benefits
In section 3-1, the totem-pole PFC with MOSFET is not applicable in CCM operation

due to the intrinsic body diode reverse-recovery issue which affects the PFC and circuit
efficiency.

Therefore, Transphorm Inc considered packing a GaN HEMP transistor in an

industrial standard TO-247 and TO-220 [29&38]. Transphorm’s primary goals were to
improve performances in applications that require continuous inductor current in alternating
directions.

Transphorm’s GaN HEMT industrial package in a TO-247, has a number of desirable
features for power applications as:
-

Nearly ideal switch for many applications

-

Good thermal conduction directly to a heat sink

-

Accommodation of large die size for higher current and lower ON-resistive devices.

-

low reverse recovery charge (

-

Power applications by providing higher efficiency.

-

Easy gate to drive

-

Turn-off ZVS in almost any topology

) and low parasitic capacitance.

3.3

Totem-Pole PFC circuit with GaN HEMT device
The Totem-Pole (PFC) rectifier based on the 600V GaN HEMT power semiconductor

devices diagram is shown in figure 3-3(a). The effective application front-end converter must
attribute to the significant improvement of the GaN HEMT particularly for better figure-ofmerit (FOM), smaller body diode reverse recovery, higher efficiency in hard switching, low
reverse recovery charge (

) and low parasitic capacitance [33-38]. As an application
17

sample in PFC converter, this paper presents hard-switching Totem-Pole bridgeless PFC
under CCM using the GaN HEMT device for better performance and load efficient.

Figure 3-3 Totem-pole PFC topology with GaN HEMT transistors
The Totem-Pole PFC converter shown in figure 3-3 successfully suppresses the
common-mode noise by rearranging the semiconductors position of the basic bridgeless PFC
Boost converter. The Reorganization of the Totem-Pole bridgeless PFC converter effectively
position the positive half-line output ground connected to the input (AC) source through
diode (

). During the negative half-line cycle, the positive terminal of the output voltage is

connected to the input (AC) source through diode (

). Implementing the GaN HEMT and

SiC Diode the Totem-Pole PFC converter eliminates reverse recovery phenomenon [30-32].
The GaN HEMT characteristics and properties enable the Totem-Pole PFC rectifier as
a promising one under the Continuous Conduction Mode (CCM) application [29-35].

To

further boost the efficiency, hugely decrease EMI by the fact that one AC node is always
clamped by a diode to either the top or bottom of the DC output terminals.
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3.4

Totem-Pole PFC with GaN HEMT operation mode analysis.
In the Positive or Negative half cycle, the two GaN HEMTs transistor acts as a master

switch to allow energy intake by the boost inductor (L1) and another transistor as a slave
switch to release energy to the DC output [31].

The roles of the two GaN HEMT devices

interchange when the polarity of the AC input changes. Therefore, each transistor must be
able to perform master and slave functions [30-32]. To avoid voltage shootout, a dead time
is built in between both switches when momentarily are OFF. To allow CCM operation, the
slave transistor functions as a free-wheeling diode for the inductor current to flow [32-35].
The body diode current quickly reduce to zero and transition become reverse blocking state
once the master switch turns-ON.
3.4.1

Positive AC line half cycle operation mode
In the positive AC line half-cycle of the totem-pole PFC converter with GaN devices

shown in figure 3-4.1(a) and 3-4.1(b), two semiconductors in the current path. When the
(master) switch
Diode (

is ON, the positive half cycle charges the inductor

conducts

The output capacitor

to its maximum.

charges and connects the AC source to the output grounds [31].
supplies the energy to the output load as show in figure 3.4.1(a).

Figure 3-4.1(a): GaN HEMT ( ) is ON state
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When the Inductor ( ) reaches to its maximum charge the (master) switch
turn-off. Master switch

is the active boost switch and slave switch

inductor current and discharges the inductor (

conduction losses. Diode (

freewheels the

) energy to the output load. Switch

also turn-on complementary during the inductor current (

will

will

) freewheeling to reduce the

) continues freewheeling the inductor current charges (

) and

connecting the input AC source to the negative terminal as shown in figure 3-4.1(b).

Figure 3-4.1(b) GaN HEMT ( ) is OFF state

3.4.2

Negative AC line half cycle operation mode

In the Negative half-cycle of the totem-pole PFC converter with GaN devices the
(master) switch

is ON, controls the Negative AC line half cycle while the inductor

charges supply voltage (

) to its maximum. Diode

AC source to the output grounds. The output capacitor
load as show in figure 3-4.2(a). Switch

and diode
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conducts

charges and connects the

supplies the energy to the output
are not conducting at this instance.

Figure 3-4.2(a) GaN HEMT ( ) is ON state
When the Inductor (

) reaches to its maximum charge the (master) switch

turn-off. Main (master) switch

is the active boost switch and (slave) switch

will

freewheels

the inductor current and discharges the inductor ( ) energy to the power output load. Switch
will also turn-on complementary during the inductor current (
the conduction losses. Diode (

) freewheeling to reduce

) continues freewheeling the inductor current charges (

and connecting the input AC source to the negative terminal as shown in figure 3-4.2(b).

Figure 3-4.2(b) GaN HEMT ( ) is OFF state
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)

3.5

Input and Output Power design assumptions
The input voltage (

follows the principles of single phase rectifier found [4][30][31].

The most common AC/DC single phase designs of 220Vac rectifier shows popularity among
researchers. The expected maximum output voltage (

) on this converter is 400V DC.

The Totem-pole PFC converter a suitable output power design is 950 watts. The output
power design is suitable to show the performance and behavior of GaN HEMT devices at
very high efficiency. Using this approach a continuous input current is much easier to filter at
high PFC. The output resistance follow;

=

. Therefore, output resistance is 180 to

maintain high 1oad efficiency. The output current (

3.5.1

of proposed converter is

=

I.

Parameters design approximation
To verify the assumption of the proposed universal CCM totem-pole bridgeless PFC

with GaN HEMT, a circuit design is assemble and simulated in PSIM 10.0.3. The traditional
average current mode control is used to maintain CCM operation stable. The control model
consists of a current loop and voltage loop control combination and feedback was
implemented to attract wide range application. The assumed parameters of the proposed
Totem-Pole bridgeless PFC with GaN HEMT device is shown in the table 3-5.1
Input Voltage (

90 – 220 Vrms

)

Output Voltage (

400V

Maximum Out Power

950W

Switching frequency

100kHz

Line Frequency

60Hz

Inductor Current Ripple

20%

Output Voltage ripple

5%

Diode parameters

Datasheet “IDH08G65C5”

GaN HEMTs parameters

Datasheet “TPH3205WS”

Table 3-5.1: Totem-Pole PFC with GaN HEMT design parameters
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From [1-20] we can note that the boost converter inherit some issues when working at
CCM mode like high current stress and high losses at low line voltage, hence the calculation
of the design parameters is based on low line voltage conditions. It has also been described
in that the totem-pole bridgeless PFC is considered as two boost converters at every AC line
rectification [1][5][10]. The proposed converter will attain high efficiency by implementation
GaN HEMT device to maintaining the CCM operational mode at high switching frequency.

3.6

Duty ratio design using volt-second balancing
In designing the inductors parameter, we need to have in mind the expected inductor

ripple measurements. In the process of the design considered the conditions when the
inductor is charging (Switch

is ON) and discharging (Switch

is OFF) to the output

capacitor and load or vise verse [4] [14][31]. The totem-pole bridgeless PFC converter share
one inductor and the same capacitor to maintain stable output load. In CCM, the boost power
stage assumes two states per switching cycle. The positive half cycle switch ( ) is ON state.
The voltage across the inductor ( ) is constant and can be represent in the form of equation
(3.0) considering resistive components in the current path. The main result of this section is a
derivation of the voltage conversion relationship for the CCM boost power stage.

From figure 3-4.1(a) equals to s minus
When the inductor voltage (

=

=

(

+

+

applied to inductor ( )

) increase can be calculated as:

=

Inductor current increase during the (

=

+

x
) ON state:
)

x
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(3.0)

When switch ( ) is OFF; the voltage applied to the ( ) is now the output voltage, ( ),
plus inductor small voltage drop is
(

) and

, the diodes forward voltage

, switch voltage drop

. Hence during the OFF state, the inductor ( ) current decreases linearly.

=
So, ∆

x

(+) = ∆

(3.1)

(–). A higher inductance reduces the ripple current.

NOTE: The quantity

and

Equations (3.1) and (3.2) solved for

are the inductor ripple current.
to obtain (CCM) duty ratio for Totem-Pole bridgeless

PFC with GaN HEMT relationship.
Now:

x

Assume that:
=

–

+
-

–

=
(

-

,

=

x

= DTs
+D

+ (1-D)

= (1 – D)Ts , D =
-

(3.2)

. is true (CCM).

)

(3.3)

If the parasitic are very small enough then we can ignore them and have.

=

–

or

=

(3.4)

–

Using the equivalent balancing volt-seconds, the output voltage (

) conversion

relationship can be adjusted for the duty cycle, D. The equations ∆i (+) and ∆i

(–), give

output voltage assumed to be constant with almost no AC ripple voltage during the ON and
OFF states. The output capacitor is assumed large so that its voltage change is negligible.

3.7

Inductor design
This current averaged (

current (

) over a complete switching cycle is equal to the output

). Now the relationship between the average inductor current (

) and the

output current ( ) for the continuous mode boost (CCM) power stage is given by [4&15]:
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(

)x

=

(

)x

(

)x (1 – D) =

(

) =

(3.5)

=

(3.6)

–

NOTE: The average inductor current is proportional to the output current ( ), and since the
inductor ripple current, ∆i , is independent of output load current, the minimum and the
maximum values of the inductor current track by the average inductor current exactly as
shown in figure 3-5.2(a) [4].

Figure 3-7(a) Inductor current at CCM operation
The inductor current is the same as the input current as shown in figure 3-7(a) since the
switching frequency is much higher than the line frequency. The inductor ripple is
minimizing by the output capacitor size assumed by volt-second balance found in section 3.5.
The current ripple means peak-to-peak shown in figure 3-7(II) above.
Since the inductance value is varying across the line due to load range, it would be more
accurate to model the inductance value as a function of
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,

, time (t) and specific

maximum inductor ripple can be derived as shown 3-7(I) from our proposed totem-pole PFC
with GaN HEMT device [4][8][15].
Therefore, inductor maximum current follows:
=
=

√

*
√

*

*(1 +
*(1 +

)

(3.7)

)

= 10.69A
The minimum inductor value for a half-cycle:

=

=

*

*

√

√

*(1 -

*(1 -

)

(3.8)

)

= 8.32A

The figure 3-7(b) represents the inductor current(

) in red and the average inductor current

in blue in a AC line half cycle in proposed Totem-Pole PFC with GaN HEMT device [31].

Figure 3-7(b) Totem-Pole PFC with GaN HEMT ( )
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The average inductor value can be obtained using similar idea but excluding the ripple.

=

√

*

=

*

√

(3.9)

= 9.50A

The inductor RMS current:

=

(3.10)

=

= 10.55A

If the designed ripple is too small, the inductor value is high and the size of magnetic
core is big increases core losses, reduce efficiency, poor power factor, THDi and higher EMI.
Therefore, very high ripple causes a significant delay on any CCM section. In our ripple
design consider 25% of the maximum peak input current [1-5]].

Set the peak-peak to – peak current ripple as 30% of the maximum inductor current.
= 0.25*

(3.11)

= 0.30 * 10.69A
= 3.207A
Now to identify the maximum current that the inductor need to carry is the sum of the
maximum peak line current plus the switching frequency ripple current shown below.

=

+

(3.12)

= 10.69A +
= 12.29A
In other words we can parametrize that our inductor value must be:

L

*

(3.13)
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NOTE: for boost duty cycle is equal to:

D=

(3.14)

From equation 3.14 solve for

and substitute in equation 3.13 hence you obtain:

L

(3.15)

Using the parameters mention on table 3.5.1, substitute in equation 3.4 to generate a
good estimate of D = 0.45. Finally, substitute values in equation 3.15 to generate the
maximum inductor value [5].

L

= 308.69

(3.16)

Hence: Set the inductance value L = 300

3.8

Capacitor design
The output capacitor is sized to meet both of the hold-up time approximately (16.6ms)

and the low frequency voltage ripple (10 V) requirements [4][32]. Since the instantaneous
input power (

contains the double line frequency ripple to the output load, the bridgeless

PFC converter need bulk capacitor to control the ripple value. The capacitor value is selected
to have the larger value among the two equations developed and discussed below.
The input voltage

=√
=√

and input current

rectified has been categorized as [5]:

sinwt

(3.17)

sinwt

(3.18)

Therefore the instantaneous input power is the combination of equation (3.17) and (3.18)
=√

sinwt * √

=

(1-cos2wt)

sinwt

(3.19)
(3.20)
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We know by property that a well design converter input power is equal to its output power.
So,

=

*

(3.21)

From equations (3.20) and (3.21) our expected output current
=

equals:

(1-cos2wt)

(3.22)

To obtain the value of the bulk capacitor current (
the load current
=

, subtract from the output current

then we have.

-

=

(3.23)

(1-cos2wt) -

=-

cos2wt

(3.24)

So the impedance of the bulk capacitor current (
output voltage ripple (

) can be classified as

then the

) equals to:

=

(3.25)

Rearranging the voltage ripple equation (3.25), the output capacitance

formula is

obtained shown in equation (3.26). Designing the output voltage ripple is convenient to set a
peak-to-peak ripple of 5% of the output voltage which will be around 20V in this converter.
Note that the capacitance should always be more than the calculation value [4][30][39].

Hence:

.

.
=

.

=

.

(3.26)

= 630 F
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The appropriate capacitor value must be greater that 630 F to maintain normal stability
operation in case of an interruption or fault in the converter. In the event of an interruption or
fault a hold up time is equivalent to one line voltage cycle equals to 16.6ms. If the minimum
operation output voltage is considered to be 400V, the out capacitance is:
(3.27)

=

= 452.5 F

Based on the calculations design a capacitance higher than 70 F will fulfill the requirements
is to keep a stable condition of the converter with reduces output ripple [4&32]

3.9

Selection of diode
Since the diode is hard commutated at a high current, and the reverse recovery can

cause significant power loss, noise and current spikes. The first criteria for selecting a diode
in CCM boost PFC are fast recovery with low reverse recovery charge, operating at high
forward current. Since Silicon Carbide (SiC) Schottky diodes have capacitive charge,

,

rather than reverse recovery charge, Qrr. SiC diodes allow higher switching frequency
designs hence, higher power density converters is achieved [9&26].
The recommended diode for CCM boost applications is the 600V SiC Schottky Diode 5th
generation, include leading edge technologies, such as diffusion soldering process and wafer
thinning technology. The products showing improved efficiency over all load conditions,
coming from both the improved thermal characteristics and an improved Figure-of-Merit
(

x

). In this design it’s require a 12 A diode. Therefore SiC diode IDH08G65C5 (1.5V)

forward voltage, 650V rating and 8A current rating) is selected as the boost diode [26].
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The boost diode average current and in this design is:
(t) =

3.10

=

= 2.4A

(3.28)

Power switch selection
In order to select the optimum GaN HEMT device, one must understand the

requirements in a CCM boost converter. High voltage GaN HEMT has several advantages
over the MOSFET and Ultra-fast IGBT [4]. For a PFC converter, the following are some
major selection considerations for high efficiency application design [25&29]:
-

Better figure-of-merit

-

Fast turn-on/off switching to reduce the device switching losses

-

Low output capacitance

for low switching losses and increase load efficiency

-

Low thermal resistance

. Package selection must consider the resulting total

thermal resistance from junction to ambient. Typically under low-line cycle skipping
and recovery into highline while ramping the bulk voltage back up.
-

Very low reverse recovery current or no reverse recovery current.

Considering the power switch requirements, the peak current under full power and
minimum input power condition can be calculated using equation 5.8 [24&25] . The safety
margin coefficient Q = 1.3 must be included to be on safe in boundaries operation.
√

)

√

) = 23.7A

= 1.3(

= 1.3(

(3.29)

The GaN HEMT device (TPH3205WS) is selected as the power switch to overcome all
limitation of proposed converter at a CCM operation and improve overall efficiency [28-40].
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3.11

Power factor application

The power factor of an AC system is defined as the ratio of the real power (P) flowing
to the load to the apparent power | |in the circuit. A power factor of less than one means that
the voltage (V) and current (I) waveforms are not in phase, reducing the instantaneous
product of the two waveforms (V x I). Due to energy stored in the load and returned to the
source or due to a non-linear load which distorts the wave shape of the current drawn from
the source, the apparent power (

) will be greater than the real power (

).

PF < 1 result from energy storage and retrieval, 2 times per cycle in an AC system [18]

3-11(a) Low Power factor issues
Low power factor uses higher currents to transfer a given quantity of real power than a
circuit with a high power factor. In a single cycle of the AC voltage, extra energy, in addition
to any energy consumed in the load, is temporarily stored in the load in electric or magnetic,
and then returned to the power grid a fraction of the period later as shown in figure 3-11(a).

The power factor is defined as: PF =

||
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(3.30)

In case of a perfectly sinusoidal waveform, P, Q and S can be expressed as vector triangle:

=
If

+

(3.31)

is the phase angle between the current and voltage, then the PF = cosine of the angle:

| | = | |cos

(3.32)

When the power factor is 1, all the energy supplied by the source is consumed by the
load. In electrical area, the power factor is defined as the utilization rate of the power from
grid. It is the ratio of real power (P) to the apparent power (| |) [4].

PF =

(3.33)

The power factor equation can be represented as:

3-11(b) unity Power Factor triangle
If the voltage and current are ideal sinusoidal waveform, the PF = cos

But for the

sinusoidal voltage and non-sinusoidal current, the PF should be equal to:
PF =

. cos

=

. Cos

(3.34)

= Root Mean Square of supply phase voltage
= Root Mean Square of supply phase current
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= Root Mean Square of fundamental component of the supply current

 = phase angle b/w the supply voltage and fundamental component of the supply current
Where

is the ratio of the fundamental current RMS to total line current RMS value.
=

,

√

(3.35)

n is the nth order of harmonic current.
Define the total harmonic distortion (THD) as:

THD =

=

√

=

√∑

(3.36)

is the sum of total harmonic current RMS values.
Thus the distortion factor
=

√

equals to:
=

(3.37)

The distortion power factor describes how the harmonic distortion of a load current
decreases the average power transferred to the load. The total harmonic distortion (THD) of
a signal is a measurement of the harmonic distortion present; as the ratio of the sum of the
powers of all harmonic components to the power of the fundamental frequency.
Distortion is the alteration of the original shape of the sinusoidal current waveform behavior.
The fundamental frequency ( ) is defined as the lowest frequency (counting from Zero) of a
periodic waveform [18].
The power factor can be represented as:
PF =

(3.38)

From the power factor expression, the reasons leading to poor power factor are line
current has large amount of high order harmonic and different phase between input voltage
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and current. Therefore, to improve the power factor, the line current should keep the same
phase with the sinusoidal line voltage and attenuate the line current harmonics [4&13].

3.12

Active Power Factor Correction
Active Power Factor Correction (APFC) is the most common methods of shaping any

discontinuous input supply current [15-17]. The (APFC) is automatically inherent in
bridgeless PFC due to the combination of reactive elements which increases the efficiency of
the line current. The (APFC) in this circuit is design to control the amount of power drawn by
a load and obtaining a PF as close to unity [22].
This paper will present the design and implementation of an (APFC) AC-DC converter
topology, which results in almost unity power factor. Bridgeless PFC rectifier designed from
220

input voltage and output voltage of PFC normally regulated 400

[1-10]. The

active PFC controls input current so current waveform is proportional to the nature of the
mains supply voltage, show in figure 3-12.

Figure 3-12: Unity PFC waveform
In the totem-pole PFC the boost inductor is in series with the input line terminal to
implement the average control mode. The implementation of the GaN HEMT device in
totem-pole PFC will make the converter achieve CCM operation eliminating the reverserecovery diode issue. The CCM PFC will adopt the traditional voltage and current control
circuit keeping the inductor always operating in CCM [29-32].
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Chapter 4

Simulation results

4.1 GaN HEMT device and SiC diode model parameters
The proposed Totem-Pole bridgeless Boost PFC converter with GaN HEMT device will
be simulated using PSIM version 10.0.3. GaN HEMT device parameters are obtained from
the datasheet TPH3205WS show in figure 4-1(a) from Transphorm Inc package (TO-247) in
figure 4-1(c) and characteristics of 650V SiC SchottKy diode in figure 4-1(b) [29&27]. The
SiC diode IDH08G65C5 5th generation thinQ (8A, 650V) from Infineon possesses similar
characteristics of GaN diode 600V used for both diodes in the line rectification to alleviate
over shooting at zero-crossing [26]. The behavior and characteristic of both components
show promising benefits in eliminate issues in CCM conduction at high switching frequency.

Table 4-1(a) GaN HEMT device parameters

Table 4-1(b) SiC Diode Parameters

Figure 4-1 GaN HEMT in TO-247 package
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4.2

Totem-Pole Bridgeless PFC converter with GaN-HEMT device Topology Model
GaN HEMT totem pole PFC in CCM mode focuses on minimizing conduction and

switching losses designed with the simplest bridgeless PFC circuit. Consists of a pair of GaN
HEMT transistors (S1 and S2) operating high input current; pulse-width-modulation (PWM)
commands to turn-on or turn-off complementarily at ever half cycle. A pair of fast SiC
Schottky diodes (D1 and D2) with no reverse-recovery current and breakdown voltage tested
at 18A in line the rectification [26]. The primary current path includes one GaN HEMT and
one SiC diode, both with no reverse-recovery issue [26&27]. The function of diodes D1 and
D2 is synchronized rectifier, as illustrated in Figures 4-2. Switches

and

operate as a

master and as a slave at every positive or negative half cycle.

Figure 4-2 Totem-Pole PFC with GaN HEMT and SiC Diode devices
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4-3.1

Totem-Pole PFC with GaN HEMT Control Model
The proposed totem-pole PFC rectifier with GaN HEMT shown adapts the conventional

boost PFC control consisting of a voltage and current loop, supporting the bridgeless PFC
mode using PWM signal shown in figure 4-3(a). The operation mode changes at each AC
zero-crossing with PWM assigning GaN HENT_1 or GaN HENT_2 operation [30-32].

Figure 4-3(a) Totem_pole PFC with GaN HEMT Control Model
In the positive half cycle, the PWM determined by the boost duty ratio is driving as
master switch GaN HEMT_2 while GaN HEMT_1 works as a freewheeling diode.

In the

negative half cycle, GaN HEMT_1 is driven while GaN HEMT_2 works like a freewheeling
diode. The GaN HEMT devices produced by transphorm Inc [29&38] works perfectly since
it overcome reverse- recovery current issue in the totem-pole bridgeless PFC keeps a CCM
operation stable with high circuit efficiency.
When the circuit operation changes from positive half line to negative half line at zerocrossing, the duty ratio of the switch “GaN HEMT_2” can change abruptly from 100% to 0%,
likewise for switch “GaN HEMT_1” can change from 0% to 100% [30-32]. To alleviate the
zero-crossing phenomena a pre-charge for a single switch cycle is enough to handle the issue
while inductor size and GaN HEMT contribute on eliminating the overshooting.
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4.3.2

Control Model analysis
Figure 4-3(a), the conventional boost PFC control, is the same figure as 4-3(a) with

main switches GaN HEMTs and line rectification SiC diodes [4&31]. The feedback signals
from the PFC are the
reference

,

,

and

shown in figure 4-3(b). An input voltage

of 400DC voltage will go through a step transient of one switching period

to reduce overshooting. Voltage reference (

) and output voltage (

will be

summed to identify voltage error. Then through PI-Gain application before normalized the
error; hence the actual current reference, where the job of the voltage control loop ends.

Figure 4-3(b) Control Model Diagram
The outer loop normalized output multiplied by | | will determine the sinusoidal
current reference as the current reference. The sinusoidal current reference summed with
sensed inductor current

make the current loop which will give the proper duty ratio

for the boost circuit [31]. The current reference goes through current loop controller and
limiter for a good PWM command. The duty ratio polarity determines how the PWM signal
will be distributed to the switches GaN HEMT_1 ( ) or GaN HEMT_2 ( ) to control and
input current at every half cycle. The Zero-Order-Hold (ZOH) circuit smooths the sampled
signal to produce a sampled interval delay input signal in the Totem-Pole PFC converter.
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4.4

Totem-Pole Bridgeless Boost PFC with GaN HEMT waveform
Figure 4-4(a) represents the input voltage, inductor current waveform operating at

CCM and PWM signals sent to the main switches ( ) and

to turn-on or turn-off at every

AC line half-cycle. The simulated waveforms below represent the switching operation for
current in a positive or negative half-cycle as detail analyzed in section 3-4. The PWM
commands the switch of the circuit to reducing conduction and switching losses.

Figure 4-4 PWM switching commands and input voltage waveforms
The waveforms results obtained in this section for the Totem-pole PFC with GaN
HEMT device converter is printed after a few second of simulation in PSIM 10.0.3 package.
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4.5

Inductor characteristics
In reference to our explanation from sections (3.4) based on the Continuous Conduction

Mode (CCM) operational of the Totem-Pole PFC using GaN HEMT device benefits, the
inductor current is printed on figure 4-4(b) maintaining stable (CCM) operation.

4-5(a) Inductor current waveform at CCM operation
Figure 4-5(b) is the inductor characteristic when charging and discharging while
synchronized with the switching performance discussed in section 3.4 and section 4.3. The
GaN HEMT devices interchange functionality when the AC polarity of the input voltage
changes. Therefore, each transistor must be able to perform both master and slave functions.

Figure 4-5(b) Inductor and switching waveform
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4.6

Inductor, Capacitor and Diode waveform simulation

Figure 4-6(a) inductor voltage and diode voltage for one switching period
Figure 4-6(b) depicts the inductor ( ) and output capacitor (
discharging at every AC line half-cycle. Diode (
half-cycle and diode (

) behavior charging or

) is conducted only during the positive

) conducts only at the negative half cycle mention in section 3.4.

Figure 4-6(b) capacitor, Diode and Output current
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4.7

GaN HEMT Zero Voltage Switching (ZVS)
Figure 4-5(a) is referring to the GaN HEMT device Zero-Voltage-Switching (ZVS)

benefit for almost all bridgeless PFC converters as discussed in section 3.1 and section 5.3.
The turn_on and Turn_off structure of GaN HEMT provide a short time for the parasitic
capacitors to resonate naturally for some time allowing ZVS possible.

Figure 4-7 GaN HEMT Zero Voltage Switching
Figures above ascertain the theoretical assumption from the overall conduction of the
Totem-Pole Bridgeless Boost PFC with GaN HEMT devices proposed. The inductor
waveform indicates that the traditional control maintain the inductor current and the topology
operating in a (CCM) at 100kHz switching frequency. The PWM commands the switches to
operate complementary at every positive are negative half-cycle maintaining a very good
active power factor. These mean that only two elements are in the current path to reduce the
total switching and conduction losses while maintaining high circuit efficiency [31 & 39].
The current and voltage waveforms above were obtain after simulation of the totem-pole PFC
with GaN HEMT using the conventional boost PFC control model in PSIM 10.03.
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4.8

Totem-Pole BridgelessPFC with GaN HEMT efficiency
The converter circuit efficiency obtained from figure 4-7(a) and figure 4-7(b); n = 98.74%

almost exactly or comparable as estimated by Transphorm Inc.[29-34]. This result confirms
the benefits of GaN HEMT device used in the Totem-Pole Bridgeless Boost PFC rectifier
proposed for CCM operation at a 100kHz switching frequency.
The waveforms below are prints obtained after 0.5 seconds of simulation of the TotemPole PFC with GaN HEMT device. The blue colored waveform is the input voltage
220Vac and the red colored waveform is the inductor current
Through PSIM 10.0.3 measurements the input power (

at

waveform of 6.60A.

of 949.05W.

Figure 4-8(a) Input Power (

)

The waveforms below in figure 4-7(b) are printings obtained after 0.5 seconds of
simulation using the proposed converter with GaN HEMT device. The blue colored
waveform is the output voltage
current

at 406Vdc and the red colored waveform is the output

waveform of 2.31A. Through output voltage

using PSIM 10.0.3 we obtained a total output power (
12W exist this will be discussed in chapter 5.
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and output current
of 937.1W. As notice, a total of

Figure 4-8(b) Output Power (
Figure 4-8(c) is input power (

and output power (

)
waveform of the Totem-

pole bridgeless boost PFC with GaN HEMT device. It’s evidently through simulation
approach that the Totem-Pole PFC maintain a CCM operation with an overall efficiency of
= 98.74% as mention by Transphorm [29][31]. In chapter 4, from simulations we can note
the effectiveness of the Totem-pole bridgeless boost PFC converter operating at CCM
maintaining very high load efficiency [25-34].

Figure 4-8(c) Proposed converter efficiency
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4.9 Totem-Pole Bridgeless PFC Analysis
As mentioned above in section 4.3 and 3.12, the proposed topology possesses Active
Power Factor Correction (APFC) which is notable from the waveform below in figure 4.8.
The power factor value is Very close to unity (PFC) with very high load efficiency
maintaining a CCM operation. This proposed topology compared to other topologies found
[1-22] is remarkable due to the power factor (PFC) application with a guaranty of 99.44%
(PFC) as show in figure 4-9 and a remarkable load efficiency of 98.74%. The topology was
investigated in CCM operation with a 100kHz switch frequency, maintaining a high inductor
current and identified that the quality of the line current in CCM was better that other
topologies presented in [30-32].

Figure 4-9 Totem-pole with GaN HEMT PFC waveform
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Chapter 5

Losses analysis

5.1 GaN HEMT device losses circuit structure

To obtain the waveforms and measurements of the conduction and switching losses at
each AC line half-cycle of operation, extra circuit was implemented to each device as shown
in figure 5-1. This circuit model attached to each GaN HEMT will print out the conduction
(

) and switching losses (

) after a few seconds of simulation. The conduction and

switching losses of the SiC MOSFET and body diode losses are mostly concentrated in the
turn-on transition [33-37]. In order to determine power losses of the GaN HEMT device, the
parameters of the datasheet from Transphorm package TO-247 (TPH3206PD) was entered
into the “Device Database Editor” found in PSIM 10.0.3 designed for non-ideal components
found in appendix 2.

Entering datasheet parameter the designing of the GaN HEMT is as

Non-ideal devices when implemented in a prototype.

Figure 5-1 GaN HEMT device losses circuit model
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5.2 Identification of losses in GaN HEMT device
The total power losses in the GaN HEMT devices equals to the sum of the conduction
losses (

) and the switching losses (

) occurring in the GaN HEMT device in

transition from ON state to another state [35]. The shows the graph of the switches turn_ON
and turn_OFF wave while inductor charges and discharges figure 5-2(I). The inductor voltage
and switching voltages transition is presented in figure 5-2(II); shows energy losses.

Figure 5-2 Inductor and switching transient waveform
The energy dissipated during turn-off period is the area under the curve of both voltage
and current waveforms as shown in Figure 5-2(II). During one switching period, the total
switching losses dissipated by a transistor is the combination of the turn-on energy (
turn-off energy (

) and

) proportional to the frequency [32-35]. To minimize the switching

losses, reducing the switching frequency will result in increasing the inductance and size for a
given inductor ripple current [37]; turning-ON and OFF the transistor faster is a better to
minimize the switching loss. This implies that the conduction is only at the two triangles on
the left and right of the shaded hexagon.
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5.3 GaN HEMT figure of merit (FOM) application
The impact of the miller charge (

) which controls the voltage falling ( ) and rising

speed on the switching time is apparent for hard-switching applications. So, the use of
(

to represent switching figure-of-merit (FOM) is common in GaN

HEMT device [24&35]. For the current rising period, the device parameter determining loss
is

. When the transistor current reaches the load current, the voltage across the device

will begin to fall hence, loss in the device will be introduce, Similar for the falling period.

Figure 5-3 Idealized Switch waveform for switching loss calculation
The turn-off switching losses minimizing the

and

parameters will decrease

switching losses in a hard switching application. The hard switching FOM is a way of
comparing different technologies which represents a measure of semiconductor suitability for
high frequency power transistor application. FOM is numeric value representing power
parameter of components and other important factors, which affect this parameter.
represent the conduction losses and power losses of the transistor´s gate electrode [32&35].
Describing the hard switching figure- of-Merit of GaN device:
FOMHS = (

(5.0)
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5.4

Turn_on Energy loss
The switching loss analysis under Hard Switching (HS) condition is bases on the

Totem-pole bridgeless boost PFC with GaN HEMT configuration. The turn-on energy (
and turn-off energy (

)

) are defined as the energies dissipated on the switch turn-on and

turn-off transition [35]. Parasitic capacitance charge of GaN HEMT switch is a well-matched
device as initial condition in order to achieve turn_on Zero Voltage Switching (ZVS)
transition [37]. A well-matched GaN switch is the charge stored in
the charge stored in

_Si and

_GaN is lower than

_GaN as shown in figure 5-4(a). Capacitors

and

charge and time taken greatly contribute to gate losses when its’ in conduction [35].

Figure 5-4(a) Parasitic Capacitance
discharging in series
The intrinsic capacitors

Figure 5-4(b) Charges of SiC MOSFET
discharge through GaN channel
and

controls gate losses while negative inductor

current discharges the junction capacitors
matched cascade device,

to achieve ZVS. To guarantee a well-

_Si decreases to

_GaN before the switch starts to operate and

_GaN drops to zero due to charging balance. This stage is a reversed process of voltage
distribution during the turn_off transition [24].
_GaN,
reaches

_Si and

The total amount of charge stored in

_GaN is completely recycled to the input source. After

_GaN, GaN HEMT is turned ON. The remaining charges stored in

_Si

_Si and

_GaN is continuously discharged by the inductor current as shown in figure 5-4(b) [35].
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At turn_off switch (

), Energy

is stored in the output capacitance (

switch transistor and will be dissipated at turn_on transition of switch (
output capacitance (
Since (

) of the freewheeling

of the

). At turn_on of

,

will be charged through the active switch.

) is nonlinear; slightly more energy (about 2

) is dissipated in the charging

process of intrinsic capacitance in ( ) [29]. Additional losses occurs during the finite time
needed for the drain current of the active switch to increase to the value of the inductor
current, which is turn_on delay time. This part of the turn-on loss is approximately [32-36].
NOTE: Input capacitance =
Output capacitance =

(

=
(

+
=

; where
+

shorted)

)

Reverse transfer capacitance =
(a)..Turn_on losses = Dissipation process and time taken to discharge
(which

was stored at the turn-off transition) from

+ charging of

..
at

)

𝑬

(5.1)

(b) The reverse-recovery charge (
(

), of the transistor carrying the free-wheeling

current also contributes to loss. For the cascade GaN HEMT, most of (

stored on the output capacitance and therefore already included in the
Output capacitance charge losses = (
𝑬

term [29].

or (

= *C*

E.g (5.3): calculates (

(5.2)
) transistor free-wheeling current using 410

for our proposed

converter and (156pF) capacitance obtained from date sheet (TPH3205WS) [27].

𝑬

) charge is

= *C*
= * (156pF)*

𝑬

= 1.31118 x

𝑬

= 13.1µJ
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Comparing ( 𝑬

results with the graph from the datasheet, calculations is almost exactly.

Table 5-4(c) Typical

stored energy

If we plot the solution of E.g (5.3) in figure 5-4(c) it is comparable to only a 𝑬

of a

single switch transition which is already included in equation (5.2). Due to its non-linearity
we expect a solution of twice or more losses for the switching losses.
(c) The small amount of injected charge in the body diode of the Silicon FET is proportional
to load current
(

and present as:
=

*

(5.3)

Where τ has unit of time and is on the order of 1nS.
(d) The removing of small amount of injected charge in the body diode of the silicon FET is
removed by the switching transistor which contributes losses. This minority charge must be
removed before the diode can become reverse biased written as:
𝑬

=

*

(5.4)

(d) The total switching energy losses per cycle considering that ZVS is achieving at turn-on
is the sum of the output capacitors energy (𝑬

) discharge and charge, the active switch turn52

on transient and plus the injected charge in the body diode together with the removal of the
body diode charge by the switching transient [29-38].
𝑬

3

+

𝝉

*

(5.5)

The energy loss in (5.5) under hard-switching DOES NOT include the ringing losses, it is
more only the charging and discharging of the output capacitance (

) at every switching

transient per half cycle [28]. The reverse-recovery loss of silicon MOSFET and parasitics at
turn-off have significant impact. Therefore, turn-off loss is negligible due to the current
source mechanism presented above [31-34]. These characteristic makes the GaN HEMT
suitable for high-frequency operation as long as ZVS turn-on is achieved.
5.5 Turn_off Energy loss
Basically, the silicon MOSFET is turned-off after the signal-off is applied. Next,
_Si and

_GaN are charged in parallel through the channel of the GaN until the gate-

source voltage of the GaN drops to its threshold voltage
Finally, the GaN switched is turned off and

_GaN as shown in figure 5-5(a)

_GaN is charged in series with

_Si and

_GaN as shown in figure 5-5(b) [32&35].

Figure 5-5(a) Silicon MOSFET off state
The charging path through

Figure 5-5(b) GaN is off state

_GaN has no impact on the voltage distribution between

the GaN switch and the Si MOSFET. In a well-matched cascode device, the terminal current
charges these capacitors until the voltage reaches steady state [35].
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In the mismatched cascode GaN switch,

_Si is driven to the ringing before

_GaN rise to the steady-state value. Then the Si MOSFET stays in the ringing region
when

_GaN is charged independently as shown in figure 5-5(c). The same charge flows

through the ringing path, which causes additional loss in every switching cycle.

Figure 5-5(c) Mismatched model GaN Switch
(e) A Well-match GaN cascade= (

_GaN <

_Si and

_GaN) . The complex

interaction among the GaN HEMT device leading to unintended voltage distribution during
the turn_off transition and failing to achieve ZVS during turn_on process will increase the
switching losses due to the ringing behavior [30-36] .
Therefore: Turn-off loss transition is approximately
𝑬
Where
Then:
Where

(5.6)

is the current in the top device during turn-off.
=

+

(5.7)

the load current, D is is the duty cycle, and

is the output inductance. To reduce

switching losses, the inductance value can be increased to limit the peak turn off current.
So,

=

(5.8)
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Where

is the input voltage, D is the duty cycle,

is the peak-to-peak

current ripple, which is generally designed to be around 40% of the full load output current,
and

is the switching frequency.

5.6 Ringing Energy loss
(f). Switching energy losses will contain not only on main transition loss, which is usually the
major part of switching loss, but also the ringing loss caused by parasitic oscillation and is
not negligible in this case, during the entire transition [35-37]. GaN HEMT ringing loss at
steady state value introduces switching losses due to the charge and discharge of the parasitic
capacitance [37]. The apacitance is relatively small but it slows down the voltage waveform
and has an effect on the switching losses. The characteristic makes the GaN HEMT device
much more suitable for high frequency operation as long as ZVS turn_on is achieved [35].
When the current reaches the inductor current, the current begins to ring [42].
Turn-on ringing losses: 𝑬
Where

=

= input voltage,

+

(5.9)

= reverse recovery charge and

is the output

capacitance charges. Another important thing that should be pointed out is that the reverse
recovery loss of the diode which has been treated as a part of the ringing loss. The majority of
the reverse recovery loss is not dissipated in the diode, but in the whole loop [32-34].
After the current reaches zero the voltage continues to ring [41&42] identified as:
Turn-off ringing losses: 𝑬
Where:

=

(

-2

)+

(5.10)

: is the charge stored in the output Capacitor
: when the voltage reaches its peak value
: is the charge stored in switch when the voltage reaches its steady state
(

=

)=

+
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5.7 GaN HEMT total Energy loss
The gate voltage ringing is affected by the gate driver turn on resistance, parasitic package
and PCB layout, the GaN HEMT transistors gate resistance, and input capacitance.
Therefore, we can rewrite the total turn-on 𝑬
𝑬

=

and turn-off 𝑬

+

𝑬

losses as:

+

+

(5.11)
(

-2

)+

(5.12)

To identify the total Energy losses per cycle at every half-cycle is the combination of all
possible losses found at turn-on and turn-off transition for a single switching structure.
Therefore, the general form including all possible losses is given below:
𝑬

=𝑬

+ 𝑬

(5.13)

The loss breakdown indicates that the turn-on loss is the dominant under hard-switching
conditions. It is a clear trend that the turn-on energy is much larger than the turn-off energy,
due to time delay charging/discharging and oscillations, from all ranges of load currents. The
energy stored in the output capacitor (

) is counted during the turn-off transition, but this

part of energy is actually dissipated during the turn-on transition. To be specific, during the
turn-on transition, the (

) is discharge and generates switching loss, but this discharging

process cannot be observed from the measurement on device terminals.
Total power loss can be estimated by knowing the output voltage

, output current (

)

and efficiency ( )obtained from simulation results [24].
=

*

*(

)

(5.14)

The conduction losses of the active switch can be calculated by.
=(
Where A =

.√ )2.

(5.15)

.√ . √

(5.16)
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Chapter 6
6.1

Energy losses calculations and simulation

GaN HEMT losses Analysis
The GaN HEMT device was designed to address high-frequency hard-switching power

applications at higher voltages [35]; now applied in the Totem-Pole PFC configuration [35].
The conduction loss depends on good selection of the turn_on and turn_off resistance. The
switching loss depends on the switching time and the switching frequency.
time depends on the time during charge or discharge of the
sum of

and (

layer. The

The switching
layer is the

parasitic capacitance charge which delays the turn_on [37]. A major

portion of the losses in the GaN HEMT is due to the charging and discharging of the output
capacitor (

) at turn-on and turn-off transient and the ringing oscillation.

The calculation in this section, the GaN HEMT (TPH3205WS) device and SiC schottky
Diode (IDH10SG60C) specification parameters obtained from datasheet [25 & 26].

Table 6-1 GaN HEMT and SiC Schottky diode rating
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6.2

Energy losses classification
The loss in the Totem-Pole Bridgeless PFC with GaN HEMT is mainly known for

conduction loss (
(

) and switching loss (

) under HS application. Conduction loss

) is the sum of the switch transition conduction at every half cycle. Switching energy

loss (

) consists of 𝑬

and 𝑬

loss and ringing loss 𝑬

loss, reverse-recover loss

, output capacitance

. A gate resistance of 10Ω is used to reduce the gate voltage

oscillations around for switching period. In order determine a power losses calculation; the
simulated of the Totem-Pole Bridgeless Boost PFC converter in PSIM 10.0.3 was necessary.
The proposed converter is a two-transistor GaN HEMT half bridge with desired output
of 949W.

After simulation Totem-Pole PFC converter with GaN HEMT with 100kHz

switching frequency shows a peak efficiency of 98.74% and PFC of 99.44% at half cycle.
The output power simulating due to losses achieved 937W, which indicated a loss of 12W.
In practical suitable partition of the losses distribution will be 70% for the semiconductors
loss and 30% for the magnetics in the converter PCB [29&32]. This partitioning is allocating
8.4W as switching losses for the two transistors and 3.6W for magnetic loss in PCB. In
practical, the optimization point of conduction loss equals to switching loss would likely be
higher than half load due to full-load thermal consideration. Therefore, we can use the same
idea as mention above for the distribution of 8.4W loss for the two transistors at every half
load; allocate 5.88W for switching losses and 2.52W conduction losses [29-35].

6.3 Energy losses calculations
Losses analysis of GaN HEMT switches is provided in [29-42] in the reference section
of this article. The partitioning of losses is dependent on the Totem-Pole Bridgeless Boost
PFC with GaN HEMT discussed in chapter 4 and 5 as a closer approximation of the
calculation of losses in a prototype. Using simulation results, conduction loss
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= 2.52W

and switching losses

= 5.88W. Identified duty cycle D = 0.47 under (CCM) operation at

100kHz switching frequency.

Moreover, from PFC rectifier the average inductor current

= 6.60A and output voltage

= 405.52V with an output current (

) = 2.31A. To

better understand the calculation loss, a breakdown on the total semiconductor losses in GaN
HEMT device follows using datasheet parameters:
6.3a Turn_on Energy loss
(6.0)

From datasheet:
= 406V,

= 6.60A,

=22nS

= (406V) * 6.60A * 22nS
𝑬

= 29.48µJ

6.3b Injected charge in the body diode reverse-recovery Energy loss
𝝉

=

OR

=

x

(6.1)

= 406 * 6.60 * 1nS
= 2.68µJ
6.3c Turn-on ringing losses
𝑬

=

+

(6.2)

= 220*136nC + 0.5*17.5pC*220
= 2.9921925 x
= 29.92 µJ
6.3d So the Turn-on total energy loss 𝑬
𝑬

=
=

of the switch:
+

29.48µJ +

29.92 µJ

= 59.40 µJ
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+

(6.3)

6.3e Turn-off loss transition is approximately
𝑬

(6.4)

6*2.5A*33nS

=

=16.75 µJ
6.3f Turn-off ringing losses:
From datasheet:
𝑬

=

,
(

-2

)+

(6.5)

= *57nC (480-2(220)) + *19nC*220
= 3.23 x
= 3.23 µJ
The ringing loss is relevant to the peak voltage at (480V) from datasheet and
independent on the loop resistance. The peak voltage is achieved at the moment when the
drain current falls to zero at the first time; because the bottom GaN HEMT operates at zerovoltages witching ZVS condition, hence turn-off loss is neglected [41&42]. The current
shifts from GaN HEMT switch to its body diode at commutation period, when both switches
are off. Therefore, the major loss of the GaN HEMT is given by the turn-on process.
6.3g Turn-off total energy losses
𝑬

+

(

-2

)+

(6.6)

= 16.75 µJ + 3.23 µJ
=19.98 µJ
6.3h Total switching energy losses for every AC line half-cycle
𝑬

=𝑬

+ 𝑬

(6.7)

= 59.40 µJ + 19.98 µJ
= 79.38 µJ
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The turn-on energy loss is the dominant loss under hard-switching conditions which is
three times larger than turn-off loss; this is due to HS affect to the circuit efficiency [25].
6.3j The total conduction losses where A = 0.426

𝑬

=(

𝑬

.√ )2.

.

√

*

= (6 6

(6.8)

*

= 2.499076056 x
= 25.00 µJ

6.4

Switching losses Solution summary

The table below shows a summary of the losses and solution which are compared to our
initial assumptions explained in section 6.2 and to the final calculation analysis.

=𝑬

𝑬

+𝑬

+ 𝑬

+ 𝑬

+ 𝑬

(6.9)

Table 6-4 switching energy losses summary
1

𝑬

2

𝑬

=Turn-on delay due to parasitic capacitance

3

𝑬

= reverse recovery losses, diode

𝑬

= device conduction loss when ON

.√ )2.

(

.

25.00 µJ
29.48µJ
29.92 µJ

+

losses and output capacitance losses
4

𝑬

5

𝑬

16.75 µJ

= devices Turn-off losses transient
= charge in the output capacitance and

(

-2

)+

3.23 µJ

charge stored in switch steady state

6

Total energy losses neglecting the turn-off
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Loss due to ZVS

84.40 µJ

6.5

Total Energy Losses for each half cycle

Total power loss in each AC line half cycle is estimated by:
=

*

*(

)

= 405.6V * 2.31A *(

(6.10)
)

= 11.96W
OR
= 119.60 µJ

From table 6-4 above; neglecting the turn-off losses as mentioned in [29-39] our
switching losses are concentrated in the turn-on transition of every switching. The turn-on
loss (29.48µJ + 29.92µJ) gives (59.40µJ or 5.94W) similar to assumptions found in section
6.2 hence, the turn-off losses are neglected. Moreover, for effectivity and validity of this
research, losses simulation from PSIM 10.0.3 is shown in figure 6-5.

The wave form

simulation matches transphorm losses and calculations developed in chapter 5 [28-43].

Figure 6-5 GaN HEMT total energy losses simulation waveform
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Figure 6-5 indicating that the proposed totem pole bridgeless PFC rectifier with GaN
HEMT posses 11.60W or 116.40µJ total losses for every half-cycle operating in CCM at
100kHz switching frequency. The Proposed converter possesses an efficiency of 98.74% and
97.2% PFC reflecting advantages of the new device. GaN HEMT devices is a solution to the
reverse-recovery current in the totem-pole PFC at CCM operation.
A typical portion of the losses application was used as70% for the semiconductors energy
losses and 30% for the magnetics loss considering implemented in a prototype [28-34].

Table 6-5 Comparison of assumption against calculation results
Parameters

Assumption by Transphorm Calculation( µJ)

Total losses

12W

120.40 µJ or 12.04W

Switching and conduction losses

70% of 12W = 8.4W

84.40 µJ

= 8.44W

Magnetic consideration

30% of 12W = 3.6W

36 µJ

= 3.6W

Only Switching losses

70% of 8.4W = 5.88W

59.40 µJ

= 5.94W

Only Conduction losses

30% of 8.4W = 2.52W

25.00 µJ

= 2.5W

Efficiency

98.8%

98.74%

Power factor

99.5%

99.44%

The table 6-5 is a summary assumption by Transphorm Inc. [28-43] and calculation of
losses using the losses formulas. The proposed totem-pole PFC rectifier with GaN HEMT
devices is applicable to operate in CCM at high switching frequency, eliminates reverserecovery current issue making the bridgeless rectifier favorable to implement in new
technologies. The design offers very high PFC application and very high circuit efficiency
using traditional control, stabilize the operational modes at every half cycle. It is necessary to
mention that their still exist minimal loss in the zero-crossing issue; a section of the AC line
difficult to control, which may affect the efficiency significantly.
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6.6

MOSFET (GREE 900V C3M0065090D) application
In this section, the Totem-Pole Bridgeless Boost PFC converter with a 900V Silicon

Carbide power MOSFET (C3M0065090D) from CREE is simulated and energy losses are
calculated. The converter follows the same principle, during a positive half cycle the main
switch (

) is the active boost switch while (

) free-wheels the inductor current. The

negative half cycle, ( ) is the active boost switch while ( ) freewheels inductor current.
Based on the operation principles, MOSFET switches ( ) and ( ) works as freewheeling
diodes in the boost section to reduce conduction losses.

The table below gives the main

component parameters of the CoolMOS and the SiC diodes [26&28].

Table 6-6 GREE (C3M0065090D) and SiC Schottky diodes (IDH08G65C5)
Parameters

@

Parameters

GREE

Infineon

(C3M0065090D)

(IDH08G65C5)

900V

650V

65mΩ

1.5V

36A

@

<

C

8A

16 J

0.1 A

30.4nC

13nC

134 C
The parameters were entered in PSIM 10.0.3, device database editor, in order to obtain
the characteristics and energy losses comparison to calculation results. After simulation a
clear issue observed in totem-pole bridgeless PFC is at AC voltage zero-crossing. At this
specific instance the circuit operational mode changes from positive half-line cycle to
negative half line cycle at the zero-crossing. The duty ratio changes abruptly from a 100% to
0% in both the negative and positive half cycle [31&41]. To alleviate the issue exceptional
devices are used for switching and line rectification. In the zero-crossing instance the DC
voltage is very low hence, very difficult to control.
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6.7

MOSFET (900V CREE) Energy losses calculation

Total power loss approximation in each AC line half cycle is:
From simulation results: ( ) = 98.41% ,
=

*

*(

= 950W
)

= 405V * 2.30A *(
= 15.05W

(6.11)
)

OR

= 150.5µJ

Turn_on Energy loss
(6.12)

From datasheet:
= 405V,

= 6.60A,

=21nS

= (405V) * 6.60A * 21nS
𝑬

= 28.07µJ

Turn-on ringing losses
𝑬

=

+

(6.13)

= 220*134nC + 0.5*4.0pC*220
= 2.948044 x
= 29.48uJ
Total Turn-on energy loss 𝑬
𝑬

of the switch

=
= 28.07µJ +

+
29.48uJ

= 57.55uJ
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+

(6.14)

Turn-off loss transition is approximately
𝑬

(6.15)

=

*2.46A*28nS

= 13.95µJ
Turn-off ringing losses:
𝑬

=

(

-2

)+

(6.16)

= *36nC (405-2(220)) + *30.4nC*220
= 2.714 x
= 2.71µJ
Turn-off total losses
𝑬

+

(

-2

)+

(6.17)

= 13.95 µJ + 2.71 µJ
= 16.66µJ
Total switching energy losses
𝑬

=𝑬

+ 𝑬

(6.18)

= 57.55uJ + 16.66 µJ
= 74.21µJ

Total conduction losses (𝑬
𝑬

𝑬

=(

𝑬

.√ )2.

= (6 6

√

): where A = 0.427,

.

= 6.60A
(6.19)

*

*

= 3.0303274
= 30.30µJ
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6.8 MOSFET Energy losses Solution analysis

The table 6-8 shows a summary of the Totem-Pole boost PFC rectifier with Silicon Carbide
power MOSFET (C3M0065090D) from CREE energy losses calculations.
=𝑬

𝑬

+𝑬

+ 𝑬

+ 𝑬

+ 𝑬

Table 6-8(a) MOSFET energy losses summary
1

𝑬

2

𝑬

=Turn-on delay due to parasitic capacitance

3

𝑬

= reverse recovery losses, diode

= device conduction loss when ON

𝑬

(

.√ )2.

30.30µJ

.

28.07µJ
29.48uJ

+

losses and output capacitance losses
4

𝑬

5

𝑬

13.95µJ

= devices Turn-off losses transient
= charge in the output capacitance and

(

-2

2.71µJ

)+

charge stored in switch steady state

6

Total energy losses doesn’t neglect turnoff

104.51 µJ

loss

The typical approach of energy losses assumption was also used for CREE MOSFET as 70%
for the semiconductors energy losses and 30% for the magnetics loss consideration [41].
Table 6-8(b) MOSFET assumption comparison to calculation results
Parameters

Assumption by Transphorm Calculation( µJ)

Total losses

15W

150.5µJ

or 15.05W

Switching and conduction losses

70% of 15W = 10.5W

104.51µJ

= 10.45W

Magnetic consideration

30% of 15W = 4.5W

45.00µJ

= 4.5W

Only Switching losses

70% of 10.5W = 7.35W

74.21µJ

= 7.42W

Only Conduction losses

30% of 10.5W = 3.15W

30.30µJ

= 3.03W

Efficiency

98.8%

98.41%

Power factor

99.5%

96.40%
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The energy losses calculation and assumptions in the table 6-8b represents the validity
and reliability of assumption method and losses calculation. Moreover, MOSFET
(C3M0065090D) from CREE with Totem-Pole boost PFC rectifier was simulated and
losses waveform was obtained shown in the figure 6-8. The formula from (6.11) provides an
idea of the losses for every half cycle.

Figure 6-8 MOSFET simulation energy losses waveform
Table 6-8c is the comparison switching losses calculation of the GaN HEMPT device
and the Silicon Carbide Power MOSFET studied in the Totem-Pole boost PFC converter.
Table 6-8(c) Comparison of energy losse between GaN HEMT device and MOSFET
Parameters

GaN HEMT (losses)

MOSFET (losses)

Total losses

120.40µJ

150.50µJ

Switching and conduction losses

84.40µJ

104.51µJ

Magnetic consideration

36.00µJ

45.00µJ

Only Switching losses

59.40µJ

74.21µJ

Only Conduction losses

25.00µJ

30.30µJ

Efficiency

98.74%

98.41%

Power factor

99.44%

96.40%
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6.9 MOSFET (Infineon) Energy losses
Table 6-9(a) below CoolMOS transistor (SPP20N60C3) from Infineon parameters
Parameters

Infineon

(SPP20N60C3)
650V

@

0.19Ω
20.7A
63.72 J
87nC
11 C
Table 6-9(b) below is CoolMOS Power transistor (SPP20N60C3) losses calculations.
1

𝑬

2

𝑬

3

𝑬

4

𝑬

5

𝑬

6

Total energy losses not neglecting the turn

= device conduction loss when ON

𝑬

(

.√ )2.

95.93 µJ

.

13.60µJ

=Turn-on delay due to parasitic capacitance
,

=

and

losses

142.12uJ

+

57.41 µJ

= devices Turn-off losses transient
= (

) and charge stored in switch

(

-2

9.22 µJ

)+

318.28 µJ

Off loss transition

Table 6-9(c) CoolMOS (SPP20N60C3) Energy losses analysis
Parameters

Assumption by Transphorm Calculation( µJ)

Total losses

46W

460.51µJ

or 46.05W

Switching and conduction losses

70% of 46W = 32.2W

318.28 µJ

= 31.83W

Magnetic consideration

30% of 46W = 13.8W

138.00 µJ

= 13.8W

Only Switching losses

70% of 32.2W = 22.54W

222.35 µJ

= 22.24W

Only Conduction losses

30% of 32.2W = 9.66W

95.18 µJ

= 9.52W

Efficiency

98.74%

95.16%

Power factor

99.44%

95.60%
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Figure 6-9(a) MOSFET (SPP20N60C3) energy losses simulation waveform

6.10 Transistors Energy losses comparison
Table 6-10 Transistors energy losses comparison
Parameters

GaN HEMT

MOSFET (CREE)

MOSFET (Infineon)

(TPH3206PD)

(C3M0065090D)

(SPP20N60C3)

Total losses

120.40µJ

150.50µJ

460.51µJ

Switching and conduction loss

84.40µJ

104.51µJ

318.28µJ

Magnetic consideration

36.00µJ

45.00µJ

138.00µJ

Only Switching losses

59.40µJ

74.21µJ

222.35µJ

Only Conduction losses

25.00µJ

30.30µJ

95.18µJ

Efficiency

98.74%

98.41%

95.16%

Power factor

99.44%

96.40%

95.60%
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6.11

Descriptive analyses of Energy losses
The table 6-10 is a summary of switching loss calculation, efficiency and PFC of

transistors studied in the Totem-Pole bridgeless PFC for a half cycle. The energy losses were
calculated using parameters from datasheet and compared with simulation waveforms
obtained from PSIM 10.0.3. Totem-Pole bridgeless PFC converter with GaN HEMT device,
Silicon Carbide Power MOSFET and CoolMOS Power transistor results validate our
approach mention in [28-39]. The GaN HEMT device is a very promising device to maintain
the totem-pole bridgeless PFC in CCM at 100kHz switching frequency.
The GaN HEMT switching and conduction loss is minimal, eliminates the reverse
recovery current, rapid switching, achieve ZVS; reduces the turn-on and turn-off ringing
oscillation and increases circuit efficiency [29-37]. Qualities not found in the Silicon Carbide
MOSFET or in CoolMOS Power transistor hence, losses in the Totem-Pole PFC converter
with GaN HEMT are reduced in CCM applications.
The GaN HEMT benefits are outstanding and necessary to consider when selecting
switching devices for bridgeless topologies. The Silicon Carbide Power MOSFET possesses
comparable features to the GaN HEMT but possess no ZVS; turn-off losses can’t be
neglected. The reverse-recovery issue and large ringing is found in the Silicon Carbide
MOSFET and CoolMOS transistor making the Totem-pole bridgeless PFC unapplicable at
CCM. GaN HEMT structure Irr, reduces ringing oscillation, improves switching qualities and
improves the overall circuit efficiency using the conventional boost control.
The totem-pole boost bridgeless PFC rectifier with GaN HEMT device is the
outstanding topology to be implemented in bridgeless family mainly for its simplistic
structure. The dominating losses on the Silicon Carbide MOSFET and CoolMOS transistor
are at the turn-on and turn-off transition; which makes the transistors with large reverserecovery charge (

; compromising to be used in the Totem-pole bridgeless PFC convert.
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Chapter 7

Conclusion

7.1 Summary
This thesis is a study of the Totem-Pole bridgeless PFC converter using GaN HEMTs
Device. The first step is an overview of the bridgeless PFC topologies, highlighting the
advantages and disadvantages. The totem-pole PFC design uses only two semiconductors in
the current path to reduce conduction losses and increase circuit efficiency. This topology
suffers from reverse-recovery current making the converter inapplicable new technological.
An overview of the totem-pole PFC with GaN HEMT behaviours and characteristics
was discussed as secondary steps. To maintain a high PFC, the traditional average current
control method was implemented. Based on the advantage of the control design, the totempole PFC with GaN HEMT is applicable in a CCM operation at high switching frequency.
The control design is a feedback approach with a current and voltage control compensator.
To boost the efficiency, the MOSFET switches were changed to GaN HEMT device
and the slow diodes were replaced by 5th generation SiC Schottky diodes. These devices
inherit No Irr issue which greatly increases the load efficiency. The phenomena of the body
diodes are eliminated by the GaN HEMT. Another advantage of the switching is that one
works as a master and the other as the slave switch freewheeling current at every half cycle.
To verify the totem-pole PFC with GaN HEMT at CCM operation, a 950W PFC circuit
topology using the traditional control design was tested through simulation using PSIM
10.0.3. The traditional PFC control design executed a PFC of 99.44% and 98.74% load
efficiency at 100kHz switching frequency. The Totem-Pole PFC with GaN HEMT kept the
originality of design, reduces switching losses, and eliminates the reverse-recovery issue. The
converter with GaN HEMT devices is a reliable topology for AC-DC application for modern
technological devices; A promising converter that can win popularity for implementation.
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7.2 Contribution of thesis

In this thesis investigation, repetition of the previous works is avoided but expansion
of previous ideas to increase circuit efficiency is developed and proposed. It can be claimed
that there are many newly essential contributions for reliable, high efficiency performance
and elimination of reverse recovery issue in the totem-pole bridgeless PFC converter with
GaN HEMT, operating at (CCM) to overcome modern system applications.
The first contribution regarding the effective calculation of GaN HEMT details is
obtained from data sheet and entered in PSIM 10.0.3 in order to obtain the closest
approximated waveforms proposed by many engineers found in reference area.
The second contribution by is to study the performances and characteristics of GaN
HEMT technology while introduced to in the Totem-pole bridgeless PFC converter is a claim,
namely for elimination of the reverse-recovery issue and increase of circuit efficiency.
The third contribution is in the investigation and clear analysis of switching frequency
at Zero voltage switching (ZVS) for every turn-on and turn-off transient at every half cycle.
This approach contributes in calculation of switching losses and ringing oscillation which can
predict the electromagnetic interface (EMI) values..
The fourth contribution is designing a non-ideal topology simulation in (PSIM 10.0.3)
software and calculation of switching and conduction losses. It is not easy for any ordinary
datasheet to be simulated and implemented in conjunction with electrical circuit software.
The fifth contribution is the traditional control for Totem-pole bridgeless rectifier using
GaN HEMT, which consist of feedback approach through current and voltage loops. The
PWM commands the switches to work as slave and as master to maintain a high CCM
operation at 100kHz switching frequency. Moreover, the combination of the totem-pole PFC
with GaN HEMT device obtaining 98.74% efficiency and 99.44% PFC is considered a claim.
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7.3 Novelty of Work

(a) A method of using GaN HEMT and SiC Schotty Diode to replace MOSFET and slow
diodes for solving CCM Totem-Pole PFC reverse recovery issue.
(b) An approach of using Traditional current control design to maintain Totem-Poles PFC
with GaN HEMT device at CCM operation with 98.74% load efficiency and PFC a 99.44%.
(c) Effective formulation and calculation of GaN HEMT device switching and conduction
losses and comparable to simulation results.
(d) Designing of Non-ideal GaN HEMT transistor in PSIM 10.0.3 and obtaining the most
approximate switching characteristic as in a prototype experiment.

7.4 Future Work
a) Optimization of the conventional control design to control the voltage at zero-crossing,
when changing from positive to negative half cycle to increase load efficiency.
b) Extend the investigation of the Totem-pole PFC with GaN HEMT device topology to
bidirectional UPA or EV charger application.
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Appendix 1

The appendix 1 below represents the GaN HEMT device parameters obtained from
datasheet TPH3205WS directly from Transphorm Inc. web site.

The GaN HEMT

parameters was entered in PSIM thermal model MOSFET level 2, in order to obtain the true
condition that make the Totem-Pole bridgeless boost PFC converter to operate in CCM
application.

Appendix 1: GaN HEMT database
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Appendix 2

GaN HEMT structure design in PSIM 10.0.3
In order to represent the GaN HEMT device total power losses, the device in PSIM
(Electronic circuit simulation software package) design to obtain the most accurate
waveforms for conduction loss (

) and switching loss (

). To determine power losses

of the GaN HEMT device, datasheet parameters from Transphorm package TO-247
(TPH3206PD) was entered into the “Device Database Editor” found in PSIM 10.0.3;
designed for non-ideal components shown in figure 5-1(a).

By entering the component

characteristics in this database package, we are designing a non-ideal GaN HEMT to obtain
the most optimal behaviors of the component when implemented in a prototype.

Appendix 2: Device Database editor
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