ABSTRACT

GUO, SUXUAN. Megahertz High Voltage Isolated DC/DC Converter Based on SiC
MOSFETSs (Under the direction of Dr. Alex Q. Huang and Dr. Wensong Yu)

Thewide bandgagWBG) power devices such as Silicon Carbide (SiC) and Gallium
Nitride (GaN) devicesignificantly improve the figure of merits of theatitional Silicon (Si)
devicesand thus becomes an enabler for various power electronics applications. The intrinsic
fast switching speed, high breakdown voltaged high junction temperature enable highe
switching frequency and higher operating temperature. By pushing the temperature limit and
switching frequency, the volume and weight of the cooling system can be remarkably reduced.
The emerging SiC power device has become a promising candidatezetredligh compact
and more efficient power electronics converter.

Although toward megahertz switching frequency and high voltage are theoretically
feasible in terms of materials and device, there are several challenges to turn ideas to products.
Firstly, switching frequency is limited by large switching loss in traditional applications.
Compromise should be made considering the decrease of system efficiency and increase of
power density. Secondlyhe common mode noise is a typical conductive electrontiagne
interference (EMI) issue. To utilize the high frequency WBG devisagable topologies
should be chosen for above megahertz frequency applications. Topologies and controls with
soft switching features should be compared considering the power aragevdévels.
Meanwhile, high frequency high voltage transformer design is also a big challenge considering
the core materials and winding loss above megahertz frequ@amprehensive optimization
design for a high frequency transformer can hbpsystemto switching at high switching

frequency at high voltage.



In this research workhe potential of SIC MOSFET in high voltage high frequency
applications is analyzed. Targeting ardiepth understanding of the switching loss mechanism
for SiIC MOSFET, its sviching transients are explored. When the switching speed is fast
enough, the drain current reduces to zero before the-slvainte voltage rises, which makes
the turnoff loss negligible Thus, the device switching loss is not a theoretical limitation to
switch at above megahertz frequency.

With significant improvement in switching performance by dneer integratediC
module,the device can be switched at high switching speed without ringing and overshoot
problems. However, the conductive EMI issuebreught in sight as the small parasitic
inductance and capacitance cannot be neglected anymore undetVidtjland di/dt. By
analyzing the common mode noise loops including the baseplate and heatsink loop, local noise
loop and ground loop, the root causd#sthe common mode noise can be identified and
minimized accordingly in the converter design.

Then, he high frequencyopology and transformer design agdressed in details in
this dissertation. This dissertati@mompares three typical soft switchinigpologies and
evaluates from the conduction loss, switching loss and duty cycle loss. The topology with
minimum loss is chosen as the most suitable topology for megahertz frequency application in
this thesis.This work provides guidelines of suitable ttggies for megahertz switching
frequency DC/DC converter8. Comprehensive optimization procedoffehe high frequency
transformeris researched considering there loss, winding loss ammboling system. The
scope of work for transformer optimization indes the exploration of materials, core shape,
Litz wire strands, turns and thermal performan&efferent transformer materials and

structures are investigated and compared by experiments. The most suitable design for



megahertz transformer is designeccading to the proposed optimization method and
experimental verifications.

In the end, a 4.5 kW, 800V to 400V, megahertz switching, LLC resonant converter
prototype is built based on the integrated SiC MOSFET module. 1.2 MHz switching frequency
could be ealized which significantly improve the system power density. The high efficiency
and high power density verifies the superior performance of SiIC MOSFET and the

comprehensive optimization procedure for megahertz frequency converter.
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CHAPTER 1 | ntroduction

1.1.Application Background

TheSilicon (Si)devices such as insulatgdte bipolar transist¢tGBT), metaloxide-
semiconductor fielgffect transistorNIOSFET) havebeenwidely used in thdow power and
high powe consumer electronics, indusirelectronics such aminterruptible power supply
(UPS), flexible AC transmission system (FACTs) and automotive indudtrythe recent
decade,with more concerns on thendronment, gree energy has been adopted as the
substitution of the fuel energy. Themerging applications such as hybrid/electric vehicles
(HEV/EV), aerospace and photovoltaic system hawee complicated requirements for power
electronics converters than befowith the technology advances, the power consumption is
dramatically increasing nowadays. The electric energy consumed in U.S. in 2011 is 40% of
the total energy, which was 50 times more than that was used in 1950. The electric power is
widely used in our dailyife such as home appliance, transportations, industrial manufactures
and airplanes. Most of the electric power is transferred and delivered by power electronics
converters. In 2006, the market size of the power electronics was around 8000 million dollars;
when in 2020, the market size will increase to 18000 million dollars, which is over two times
expanding. The huge need for power electroni
nowadaysSincethe volume, weight and power loss have significanacts on the systematic
capability and performancéigh power density and high efficiency are critical target for the

power electronics converterstime systemsTaking transportation industry for example, most



of the vehicles are using gasoline andédiduel refining from the oil, whichot only consumes
lots of naturalresources, but also causes air pollution. Due to limited oil resources and
production, todayods transportation vehicles
to clean energywhich poses an urgent demand of the power electronics systems applications
for electric vehicles. Considerinthe limited space and the high engine temperature, the
volume and efficiency of the traction inverter ahd orrboard charger are both critidakctors
on the transport capability and fuel economy of vehicles. The renewable energy such as the
solar and wind also urge the needs of power electronics conversion to realize the energy
transfer into grid side. The requirement for the power densigfitethe installation and costs
of converters.High power density and high efficiency are critical target for the power
electronics converters in the systemsEven 1 % efficiency improvement can save the utility
billions of dollars every year. Thus, dgsing a high powedensity and higtefficiency power
electronics converters is a crucial task. The power density improvement is mainly achieved by
increasing the switching frequency. With higher switching frequency, the volume size and
weight of the capators, inductors, transformers, EMI filter and etc. can be notably reduced.
A significant amount of work has been done to push the semiconductor to its limit switching
frequency. For the statd-the-art Si IGBTs, which are the dominant devices in nowatlays
high voltage power conversion systems, are typically switching below 20 kHz. The approaches
to achieve higher switching frequency in hi.
power electronics converters.

Per Mooreds | aw, ors$ihadensaimdyrated citcdoubtes exanys i s t

two years. Mangfforts have been made to improve the power density of the power electronics



converters too, although not as fast as integrated circuits. The power density of power
electronic converters almsbdoubled every ten years since 1970. One of the most important
approach to improve the power density is pushing the switching frequency. The traditional Si
devices (MOSFETs and IGBTS) used to dominate in the power electronics converters. For the
low voltage (< 100V) applications such as voltage regulator module (VRM), Si MOSFETs are
adopted as its low Ron with small parasitic capacitance. Low voltage SFE3Scould
achieve very high switching frequency due to its fast switching speed. In 1990, th&&BWO

was operated at 5 MHz in the voltage regulator module (VRM), transferring 50 V input voltage
to 5 V output voltage in flyback resonant converter [1]. 1 MHz operation in 75 W VRM at 150

V input voltage was also reported in [2]. In high voltage regiorsf MOSFETS, thick die and

large chip size are designed to guarantee the high blocking voltage and lostateon
resistance. The parasitic capacitance becomes much larger and slows down the intrinsic speed,
which limits the switching frequendy]. In the year of 2000, Infineon proposed the super
junction Si MOSFETS to be the solution for high voltage Si applications. With smaller Ron
and switching loss, the super junction CoolMOS is more suitable to be used for high voltage
applications. The super jumat CoolMOS could be operated at 400 V in pataksonant
converter at 1 MHzThe voltage of the Si MOSFETs and CoolMOS are limited to 650V as
higher blocking voltage Si MOFETs has no advantage compavath IGBTs regarding
conduction loss. Due to tHew forward voltage at high blocking voltage, Si IGBTs are
adopted for high voltage range, such as the uninterrupted power supply (UPS), solar inverters,
boost converters in photovoltaic system and the traction inverter in electric vehicles. However,

due b the tail current and the high device parasitic capacitance, the switching frequency of the



Si IGBT is usually limited to 20 kHz [3]. The utilization of the Si MOSFETs and IGBTs has
reached the limit in terms of conductions loss or the switching logbeArgditional Si device

has only 150 eC junction temperature capabi
range are both limited. In the past decades, the switching frequency of the converter increased
by a factor of 10 every decade thanks todbetinuous advancement of power semiconductor
devices.

The emerging technology of wide bandgap (WBG) devices such as Gallium Nitride
(GaN) and Silicon Carbide (SiC) devices are researched and widely utilized in the power
electronics converterghe SiC MGSFETSs have the superior characteristics which potentially
outweigh the traditional Si devic®/ith the commercialization of the SiC diodes in 2001, the
advantagesf switching loss reduction and reduced electromagnetic interference (EMI) were
reported andattracted more and more attenticf). [Efforts have been made to utilize SiC
semiconductor as the direct replacement of the Si MEJSFand IGBTs. In the low voltage
range, Gallium Nitride devices have become a competitive substitute of low voltage Si
MOSHETs considering its low Ron and device parasitic capacitance attridutesearch
study of GaN HEMT in telecom system transferring 380 V DC bus voltage to 12 V point of
load at 1 MHz frequency is reported iB].[5 MHz switching frequency in point of Ida
applications with 40 V input voltage was reported in resonant convejt&gN devices have
increased switching frequency significantly in the voltage range below 650V. For high voltage
applications, SiC MOSFETSs have been applied to telecom systatisiceVehicles and solar

inverters. The 10 vy e kiguebl, imdeatingthdtthd applicatoreof t s h o



SiC MOSFETSs is increasing significantly in railat¢tion system, electric vehide/brid

electric vehiclePV inverters, motor driver, ef].
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Figurel-1 Market forecast for SiC devices

The voltage range of the SiC MOSFETs is above 650V, which differentiates the
application with GaN devices. The commercidl 1IOSFETs nowadays is from 900V to 3.3
kV. SiC MOSFET enables the high frequency in high voltage applications. Wolfspeed built
the SiC based resonant converter with 750 V inpliage operating at 260 kHz][8or on
board chargers, an 840 V input voltage450 V output voltage dual active bridge converter
switching at 500 kHz is reported in][9APEI announced its high density high efficiency on
board charger with 380 V bus voltage switching at 500 kHz. The power density of the two
stage on board chargean be 6 kW/ L for the DC/DC converter, which is the benefit of the

SiC MOSFETSs.
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Figure1-2 State of the art applications of Si, SiC and GaN devices

The state of the art applications of the Si MOSFETSJG®BTS, super junction
CoolMOS, GaN HEMT and the SiC MOSFETs are showfigure 1-2. As shown in the
figure, the voltage level and switching frequency level are both enhanced by SiC MOSFETSs.
Passive components are one of the dami parts of the converter volume, weight and cost.
With high switching frequency, the converter could be designed as smaller, lighter and
cheaper. The transformer, inductor, capacitor and EMI filter could be reduced. As shown in
Figure 1-3, the size of 100 kHz transformer is at least 5 times smaller than that of 20 kHz
transformer[10]. If the frequency could be increased to above megahertz, it is possible to
substitute the magnetic core with the air core, or even use tracaatetiircuit boards as
the inductor. The SiC MOSFETs could enable megahertz frequency in high voltage
applications, which could shrink the size of the power electronics converters in various

applications such as electric vehicles, telecom systems atal/phliaic inverters.



20 kHz Inductor 100 kHz Inductor

Figure1-3 Size comparison between 100 kHz and 20 kHz transformers

1.2. SiCPower Semiconductor Devices

As introduced above, comparing with the conventional Silicon (Si) devicesaasugh
IGBT and MOSFET, SiC MOSFETs can be easily designed to cover a wide range of
breakdown voltages from 600V to 15,000V. Commercial devices from 600V to 3300V are
currently available from several vendors. At 1200V, the device exhibits extremely laficspec
onresistance which enables a small chip size for a given current rating. Smaller chip size
results in a significantly reduced internal parasitic capacitance hence a much faster intrinsic
switching speed and lower switching loss. Therefore, SIC MOSH&aMm be used to improve
the switching frequency to a much higher level than previously possible. The power density

could be increased significantly due to smaller passivgpoaents and cooling system
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Figurel-4 Comparison between Si and SiC materials

Figure 1-4 shows the material feature comparison between Si and SiC. The wide
bandgap materials have the bandgap larger thagldc#onvoltgeV). For the traditional nen
wide-bardgap materials with the bandgap on the order of 1 to 1.5 eV, the wide bandgap
materials have much wider energy bandgap, allowing them to operate at higher voltage and
al so higher temperature. Compared wigdp 150 e
materi al could operate at over 300 eC. Thi s
temperature, such as the converter in electric vehicle, underground drilling machine, or
aerospace applications. The high junction temperature can shrinkzthefsthe cooling
system, improve the power density of the power electronics converters. The critical electric
field of the SiC material could be the order of ten times that of the conventional
semiconductors; combining with the high energy bandgap, tie&ibh voltage could be much
higher. With the same chip size, the SiC semiconductor can block higher voltage than Si

semiconductor; vice versa, with exactly the same blocking voltage, the die size of the SiC



device is smaller than Si, which means thatohstate resistance of the SiC devices is lower.
The high electron saturation velocity indicates the intrinsic switching speed of the SiC
materials is faster than Si, leading to smaller switching loss.

The figure of merit of the materials is derived frome total power loss of a device.
The total loss of a power device under high frequency operation includes the conduction loss,

switching loss and gate driver loss.

P

device

= Pcon +Psw I'Pdrive (1_1)

The conduction loss is proportional to on state resistamvhich is inversely
proportional to the chip size. As shown in formula (2), the driver loss is proportional to the

total gate charge, which is also proportional to the die size.
Poes_ar = Qg O T, (1-2)
The turron and turroff time determies the switching loss. The falling and rising time
of voltage and current are determined by the gate charge, threshold chaviiearuépacitor,
which will be explained in details afterward. Thus, the switching loss is also proportional to
the die sizeFor a semiconductor device, a compromise between the conduction loss, gate

driver loss and switching loss exists. Considering the total device loss, the device figure of

merit could be evaluated according 8. [The minimum power loss of a device is:

VoI, f
PIossmin =21 rms\/li)—D Rom siQ gd sj

g,av

VoI f
:{2 I ms IID—D} \’ Ron spQ gd sg

grav (1-3)



Thus, the device figure of merit HDFOM is:

HDFOM =R, ,Quq s S/ RonQuo (1-4)
The HDFOM could be used to compare the power loss of a devicgrétieg by the

material properties, the minimum power loss could be represented by the electron mobility u

and critical fielde; as:

3
AMAARN S
IDlossmin = == (1'5)

E.Ju

Vb is bus voltageys is the breakdown \tage,k is typically determined by processing

capability rather than material propertidgayis average gate currertt.is the switching
frequency. Thus, the material figure of merit HMFOM is:
HMFOM = E.</u (1-6)

The larger the HMFOM is, the smaller the minimum power loss of the material is. As
explained above, the chip size is another important factor for semiconductor devices. Smaller
chip size could lead to smaller driver loss and switching loss. The chip guea éf merit
HCAFOM is:

HCAFOM = e B2/ u (1-7)

The larger the HCAFOM s, the smaller the chip size could be. The fajureerit
comparison between Si and Sidaterials are shown ifiable1-1. Comparing with Si which
is normalized to 1, the HMFOM of SiC 7s5, which shows SiC devices hate potential for

much lower power loss than Si devices. From the chip area figure of merit comparison, the
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HCAFOM of SiC is 65.9 comparedith 1 of the Simaterial, which means the SiC material

could achieve smaller optimized chip area than the Si device.

Tablel-1 Properties comparison of Si aAti-SiC

Properties Silicon 4H-SiC
Electron mobility’ (cm2/V-s) 1400 700
Relative dielectric constant 11.7 9.7
Critical field’O (kV/cm) 300 3180
Thermal conductivity, (W/m-K) 130 700
Material figure of meriO ) 1 7.5
Chip area figure of meritO I 1 65.9

For the device figure of merit comparison, Baliga proposed a device figure of merit in
1989 to evaluate the switching loss:

BHFFOM 2; (1-8)

n,sp ~~in sp
The larger the BHFFOM is, the faster the switching speed could be. As the gate charge
is proportionatto the Ciss, this figure of merit indicates the driver loss and gate loop charge

speed. At the turn on switching transient, the switching loss is determined by the gate loop
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speed. Thus, the larger the BHFFOM is, the smaller the turn on switching IBsstise turn
off switching transient, the Coss determines the switching loss. Thus, Kim proposed a NHFOM

in 1995 to evaluate the drain loop switching speed as:

NHFFOM = —1 (1-9)

n,sp —~0ss sp
The larger the NHFOM is, the faster the drain loop chgpged could be, which leads
to the smaller turn off loss. By comparing the state of the art of Si, Siguqmion CoolMOS,

SiC MOSFET and GaN HEMThe comparison is shown Trable1-2 andFigurel-4.

Table1-2 Device figure of merit comparison

Devic R C FOM1 C FOM2 R FOM3

on I S ¢ 0SS

(moh (nfF(RC) (nF)y@ (RG) (civ(RR

Si 95 4 . C 383 0. 13¢ 12.8 0. 4 4 . 2
MOSFE
Si 37 7. 2 267 0. 38 14 0.2 6. 7
Cool M
Si C 120 1. : 1414 0. 009 10. 8 0. 7 5. 8
MOSFE

From the trend of the semiconductor development, it is observed that the device figure
of merit is improving, that the device gate loop is switching much faster by factor of 10
comparedwith 1990, that the switching loss can be dramatically reduced with the development

of the device. Three state of the art 650V devices are chosen to compare in terms of device
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figure of merit. The Si MOSFET is SiIHG33N65EF from Vishay, the Si CoolMOS is
IPW65R0FC6 from Infineon, the SIC MOSFET is SCT2120AF from ROHM.

According to the device figure of merit comparison, the SIiC MOSFET has the lowest
gate driver figure of merit, which means the gate driver loss of the SiC MOSFET is the
smallest. The drain loop clgg speed of the SiC MOSFET is also smaller than the Si MOSFET
and Si CoolMOS, which indicates the turn off loss of the SiC MOSFET is the smaller
comparing with the Si devices. Thus, from the comparison from the material figure of merit
and device figure ofmerit, the SiC device has lower device loss and driver loss than the
traditional Si device, which makes it more suitable for the high frequency and high voltage

converter.

1.3.Research Motivation and Objectives

From the analysis and comparisons in thevimus discussion, the SiC MOSFET is a
promising candidate for the high frequency high voltage applications. The smaller chip area,
faster intrinsic speed and the high junction temperature could significantly increase the
switching frequency. Above megatefrequency range could be enabled in the high voltage
applications. However, there are still several limitations preventing the device to reach above
megahertz in high voltage applications. Although the intrinsic speed of the SiC MOSFET is
high enough,he packaging of the discrete devices and th¢haefEhelf SIC MOSFET module
are not optimized designed. Higher operation frequency will require higher switching speed,
which will inevitably generate higthv/dtanddl/dt. Large parasitic inductance in thate loop

and power loop could prevent the device from fast switching by causing voltage and current
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overshoots and oscillations. The large overshoot adf@dsas the potential to damage the
device and also cause system degradation, which constrairsystean for pushing the
switching frequency to megahertz. Packaging the devices into a module can potentially
eliminate or reduce the stray inductance. Many power module layouts have been researched to
reduce the switch loop inductance. However, the gate iloductance and driver caabout
are not onsidered yet in the literature

Thegate loop parasitic inductance is very important to achieve noise freéasligate
driving [15] [18]. Large gate loop inductan€e and common source inductanecould
cause EMI problento the gate signals and cawdsvice damage. In typical implementations
using discrete devices, the gate loop stray inductance which consists of PCB trace inductance
and pin inductance tygally has a value close to 10 nH. Such gate loop stray inductance is
large enough to cause false trigger during the switching transient. When the gate signal is high
to turn on the MOSFET, the current is chargingto turn on the switch, which caes an
opposite voltage across and it will slow down the turon speed of the device. The same
happens when the gate signal is low for taffy the switching speed will reduce and the
switching loss will be increased if the gate loop inductanigtoo large To damp the large
oscillation caused by , a largeY is typically used, which further reduces the tomand
turn-off speed of the device. Thus, for a MOSFET module with traditional packaging, the
switching speed is far slaw than the intrinsic speed of the device and large switching loss is
generated.

Another challenge to improve the frequency to megahertz is the gate driver. Firstly, the

thermal performance of the driver chip could be a limitation as most of the comndereal
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chip hasaplastic case. The driver temperature is determined by ithsating and the thermal
coupling from the heat source around. Secondly, the minimum pulse width is limited by the
charge time of thed . The thermal performance limit and the timing limit of the driver in
megahertz switching frequency will be investigated in this dissertation.

To design a megahertz frequency converter, soft switching topologies should be chosen
for the converterdAs the turn on switching loss is much larger than the turn off switching loss,
the zero voltage switching topologies or control schemes are needed. The conduction loss and
turn off switching loss are both dominated by the converter topology and coimeohaecFor
above megahertz switching frequency, the soft switching topologies should be compared and
chosen to achieve the minimum power loss. Besides properly choosing the topologies, high
frequency magnetics is another main challenge in this design.raim&fdrmer should be
designed and optimized by comprehensively evaluating the core loss, winding loss and thermal
model.

While the high frequency approaching megahertz is the trend, the EMI problem comes
together with the benefits. At high frequency raage fast switching speed, the hidgk/dt
will generate serious conductive EMI noise in the circuit, which makes the common mode
noise source in the circuit. For this reason, critical noise source should be identified and
solutions could be addressed adiogly. By carefully designing the printed circuit board and
adding filters in the correct place, the EMI noise could be suppressed and not bring problems
to the circuits.

To address the challenges above, the dissertation is organized as follows.
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Chapter2 presents the model of the SiC MOSFET including the physical model and
the electric circuit model. By analyzing physical insights on the turn on and turn off switching
transients of the SiC MOSFET, dominant factors determining the switching loss aresaddre
in this chapter. According to the design guidelines, ditsh switching SiC MOSFET module
is proposed and tested with noise free waveform under 96 kV/us. The inverter level
measurement method is used to evaluate the switching loss of the deviogy gvatching
loss feature is demonstrated by above 3 MHz continuous test at high voltage switching. The
driver chip design is also analyzadthis dissertationconsidering the thermal limit and the
timing limit.

Chapter 3 analyzed the common mode nassele in the converter system. The
common mode noise is a general issue during device switching transient. For wide bandgap
device, thedV/dt and di/dt are both large enough taduce largenoise in the loopThe
conductive EMlIcould induce noise to theating signals and causdalse trigger to damage
the devce. In this chapter, etailed system model is built to quantitatively analyze the noise
voltage and identify the dominant parameters in the noises.|ddy@ common mode group
loop and baseplate ahe@atsink loop are analyzed to identify the root cause. The limitation of
the converter is explored from switching speed and circuit design.

Chapterd analyzed three typical soft switching topologies including the phase shifted
full bridge converter, asymrrecal half bridge converter and LLC resonant converter. The
operating principles will be briefly introduced, and the soft switching requirements are

analyzed in this chapter. Comparisons are carried out in this chapter in terms of conduction
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loss, switchmg loss and duty cycle loss. The LLC resonant converter is chosen because it has
the highest efficiency in the high frequency application in this dissertation.

Chapter5 evaluated the magnetic materials and structures for megahertz frequency
transformersad proposes the multiariable high frequency transformer design algorithm. In
this chapter, two ferrite core materials NiZn and MnZn are evaluated in different core
structures. Several MnZn core materials are compared in details in calculation and
experiments. Transformer model including core loss model, winding loss model and thermal
model are considered comprehensively. The core material, core shiapejre strands,
winding turns, switching frequency and forced air cooling velocity are optimizediimine
the transformer loss and improve the power density. The high frequency high voltage
transformer is designed according to the optimization results and the model is verified by the
test resultsA LLC resonant converter is proved to halewer lossin the 1.2 MHz 800 V to
400 V 4.5 kW DC/DC converter and could achieve 97.1% peak efficiency at 4 kW. Chapter 6

concludes the major contributions of the dissertation and proposed the future work.
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CHAPTER 2 LosslessSwitching SiC MOSFET Module

2.1. Introduction

SiC MOSFETSs are proved to outweigh the traditional SiMOSFETs and IGBTs because
of the high junction temperature, high blocking voltage and fast intrinsic speed. These features
enable SiC MOSFETs in the high frequency high voltage applications. Withgtiélbicking
voltage feature of the material, SIC MOSFET lmasmaller die thickness and chip are
comparing with Si devices. [$redicts that SIC MOSFET chip size can be about 65 times
smaller than a similarly rated Si MOSFET. Thus, parasitic capacitarateas Ciss and Coss
are smaller. The intrinsic speed of the SiC device could be much faster than the Si MOSFET
that could enable high frequency applications. Then the question is, in the real world, what
prevents the MOSFET devices switching to sevendkzMwitching frequency. In this chapter,
the SIC MOSFET is modeled from physical level to circuit level, exploring the limitiseof
device itself and the driver circuit. Fraimetheoretical analysis, if the device is switching fast
enough, zero turn offwitching loss could be realized below the current boundary, which
enables the MOSFET to switch at multi megahertz frequeriug. leaves no limitation for
SiC MOSFET to high frequency applicatiorBhe SiC MOSFET should be taken full
advantages to achievasterdV/dt and minimum switching los§.he method to improve the
switching speed is discussed in this chapter, and the measurement method to verify the lossless

switching is proposed.
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2.2.Insights of SiC switching transients

2.2.1 Switching transierstin double pulse tests

The double pulse test is a conventional watheindustry to demonstrate the transient
switching performance and switching loss of the device. The-dmirce voltag®4sand drain
currentlgs are measured, the integral of vokagnd current at the switching transient is
calculated as the switching loss. For the turn on switching transient, the waveforms of the
double pulse tests are showrFigure 21.

Fromto ~ t1, the gate voltag¥®ys is charged from OV to threshold voltagéhe drain
current starts rising dt when gate voltage reaches threshold voltage. During this switching
transient, the channel has not been turned on yet, no switching loss hapeestsarging time

of the gate voltag¥ysis determined by the input capi@anceCiss, and gate loop resistanBg

V,
t — I ON _
o = R Gss n(V—ON > Vth) (2-1)

Ry is the gate resistance in the gate loop, including both the internal gate resistor of the
device, and the external resistor on driver 106\ is the steady state turn onltame, Vin is
the threshold voltage of the device.

The gate current can be calculated as-83, and the gate driver current is limited by

the maximum source current of the driver:

V- Vo,
Ig :mln( = 2 ’Isouce) (2-2)
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Figure2-1 Turn onswitchingwaveforms of low side switch in double pulse test

After gate voltage reaches threshdlie channel turns oat t; and tke drain current
starts to rise towardsad currentThedl/dt of drain and source curremtduce a voltage drop

on the drairsource voltag®gsof the devices. The voltage drop is determined by the switching
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speed and parasitic inductance in power loop. Beigreis the high side switch bodliode
conducting the load current. During periaé t2, the high side switch starts reverse recovery.

A reverse current will conduct throlnghe low side channel as well, and current ringing is
caused by the resonance between the parasitic parameters in the loop. As the MOSFET works
in the saturation rgion, the drain current is related to gate voltage. The drain current during

this period can be calculated as:

Id = (\/gs Vth) gg (2'3)
The charging time frory ~ t> can be calculated as:
Vo - V.
ty = R, Gee (") (2-4)
' > VON - Vplateau

At t2 the gate volige charges fronvVi, t0 Vpiateaw The plateau voltag®piateau IS

determined by the gate voltage and the load cutreanhd can be calculated as:

Voaeas = Im OV, (2-5)
At t3, the gate voltage is charged to the pleateau voltage, and tmseregeovery is
finished. The output capacitan@ass starts to discharge. During the period- t3, the gate
voltageVgsstays at plateau voltadkiateay and gate current is discharging Miler capacitor

Cga. The gate current can be calculated as:

— VON - Vplateau (2-6)

l R,
The duration of this period is determined by tlgcharging speed of th&,q andCgs.

The discharging speed 6§q can be calculated as:
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t — Vds_ max CRg @d

d_on— (2-7)
- VON - Vplateau
The discharging speed Gfs can be calculateds:
_ Vds maxdgds
= (2-8)

tds
plateau th) @

The slower speed determines the length of the period, whd¥/@t during turn on

transient. Thus, the duration of the draource voltage transietat~ tz can be calculated as:
t, = max(cgd ondas) (2-9)

In most gate circuit design, relatively large gate resistance is used, which leading to
longer discharging time foMiller capacitorCgs. Thus, the voltage fall time is normally
determined by the discharging time@#. By increasing the driver capéity, the discharging
time can be shortened, which reduces the overlapping peridd afdlq, leading to smaller
switching loss.

After tz the drairsource voltage falls to zero, there will be no switching loss afterward.
All of the gate current is chargy CgsandCgyq until the gate voltag¥ysreaches the steady state
atts.

The charging time in the fourth interval is:

Rg stln( gs ON Vplateau) (2_10)

gs ON "~ Vgs_90%
For the turn off switching transient, the switching wavefoahthe double pulstest

areshown in Fig. 22.
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Figure2-2 Turn off switching waveforms of low side switch in double pulse.test

Fromto ~ t1, the gate voltage discharges frdfon to Vpiateau During this time, both of
the drainrsource voltag&/4sand drain currerlysremain unchanged. The gate currigman be

calculated as:

I min(Vgs I ) (2-12)
= ‘~ ''sin 2-11
g R; k
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The peak gate current of the turn off transient is limited by the maximum sirdaturr

of the driver.The gate voltage can be calculated as:
Vis =Von€ 1S (2-12)

The discharging time of this time period can be calculated as:

=R,CIn(—— Vor —) (2-13)

Vpleateau

As the drairsource voltage is very small &, GL now, there is no switching loss in

this period.

At time t; gate voltage decreases Wteay the drairsource voltage starts rising.
During the period; ~ tz, gate voltage remains ®piaceay and the drain current stays at load
currentl.. The gate current is charging tMiller capacitorCqg, andCgys is charged by load
current. The dransource voltage fall time is determined by load currgnand output
capacitance of the devidgsss Switching loss is generated in this switching peridde

charging time of thliller capacitor can be calculated as:

Q
Ly o = Igd ngmg (2-14)

g pleateau

At to> drainsource voltage is fully charged, and M#ler pleateau is finished. A the
drain current starts to fall, and the gateirce voltage starto fall again. After the gate voltage
falls to Vi at ts, the channel turns off completely. The discharging time of this switching

transient can be calculated as:
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Vpleateau
tgf = Rgclssln( vV ) (2-15)

th

Fromts ~ t4, the gatesource voltage continues to digrge to zero, then the turn off
switching transient finishes. Thus, the switching loss is generatedfrota

As analyzed above, to reduce the switching loss rof & and turn off process,eh
driver should provide a large gate current to spedti@ipharging and discharging speed. The
integral of the drain curreht and drairsource voltag®gsis calculated as the turn on and turn
off switching loss.

However, as the Joule heating of the channel generates the switching loss, the drain
currentcannot reflect the channel current. Besides the channel current, the drain current also
includes current to charge and dischatge Thus, the double pulse test measurements cannot
accurately represent the switching loss.

2.2.2 Physical insights of switahg transients

To better understand the switching transient, the physical insight of the SiC MOSFET
should be gained to analyze the switching IBgstly, the physical model of 1200V, 80 mohm
SiC MOSFET from Wolfspeed CPMP2030080B is modeled in TCABSentaurus The

double pulse teshodelwith the devicas shown agigure 23.
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Figure2-3 Physical model of SiC MOSFET

The model is firstly simulated to study the internal transient performance of the
switchingtransientsthus,the external circuit is simplified anlde gate inductandgy and drain
inductancd._q are set to zerd:he channel current during the switching transients is simulated.
The double pulse test is simulated at 800Us voltageand 10 Aload current The gate
resistancdyy is set zero. The gate voltage is setdas Veeto 20V Vya. The high side switch is
substituted by an ideal diode to isolate the influence of reverse recotheryurn on and turn
off switching transients are analyzeelow.

The turnoff simulation usingTCAD is shown inFigure2-4 , the channel current is

captured and shown in purple dash liM¢hen the switch turns off, the drain current flows

through the channel, and charges the parasjiaatrsCy, and Cy. Fromt, ~t;, the gate

source capacitof, discharge. The channel current starts to drofg athen the gatsource

voltage Vgs reaches plateau voltaigeateay then drops to zero at threshold voltage Before
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Vgs reaches plateau voltage, ttiéference of the drain curreid and channel currethannel
discharges the, . As the gate current ia the opposite direction of the drain current in turn

off switching transient, icontributes to the difference of the drain current and channel current.

35 900
! ‘o !
1 1 1 1 [}
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Figure2-4 Turn off switching waveforms of double pulse test\@ = 800V, |, = 10A.

Fromt ~t,, the gate current continues the discharge ofCthend the gate voltage
decreases. At, , the gate voltage reaches fllateawoltage, the draksource output capacitor
Cy + ng starts to charge. Due to the large capacitantma¥,s voltage, there is littleVg,

voltage rise while the gatource capacitof,, still discharges quickly, the channel current

drops quickly to zero and the channel is cut offsatvhen it reaches threshold voltages

shown in Figure 2, although the drain currem§ remains unchanged, the channel current

lchanneihas already dropped to zerotat
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Fromt; ~t,, the drain current chargds, +C,,. Until the drainsource voltagé/,

reaches bus voltage bt, the turn off switching transient ends. From the turn off switching
transient, only the periot, ~ t; generates the switchirlgss. If this period is short enough,
which is made possible by the fast switching speedlarg® drain current, zero turn off
switching loss could be realized. The part of drain current ch&fgesnd C_, (primarily from

t, tot, ) is stored ass,,which is not an actual loss.

The simulation of the turn eswitchingtransient is showim Figure 25. Fromt, ~1;,
thegate vdtage is charged frofee to threshold voltage, the channel turns oty afThe gate
voltage keeps charging togtéau voltage, energy storedC,s and C, start to release. The
dischar@ current ofCy and Cy flows through the channel, which makes the channel current

bigger than the measured drain currenddouble pulse testdhe plateau gate voltage is

charged to a high level to suppdretdischarge current. The channel current includes the drain
current and theéC,, discharging currentds the high side switch is an ideal diode, thus the

channel currentchannel ONly represents the device current itself, not inclgdihe external

influence.
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Figure2-5 Turn on switching waveforms of double pulse tesv@= 800V, I,=10A.

At t, C is fully discharged, the draisource voltage drops to zero, the current

through the channel starts to decredsg,keeps charging an€,, keeps discharging from

t, ~t;. At t3, C is charged to 20Wuq, the turron transient ends. In the tuom process, the

periodt, ~t,generates the switching logss shown in Figure -5, The current flows through
the channeldlarger than the drain current measured in double pulse tests.

According to the above analysis, the switching loss measuréuoebgrain current is
not accurateThe turnon switching loss is larger than the measured value, and theffuioss
is actualy smaller. The turon switching speed is deterreith by the driver capability. Only
by utilizing soft switching during turn on transient, the high turn on lasde avoided.

During the turroff switchingtransient, the turoff loss can also be minimideor even

eliminatedif the driver capability is strong and device has fast intrinsic spgeenthe load
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current is lower than a critical value and the overlapping of channel current andalrese
voltage is small enouglthe zero turn off loss can bealized Thus,for the wide bandgap
device itsdi, if driven by a strong capability driver, the switching frequency is no longer a limit

anymore.

2.3.Influence of parasitic parameter in gate and power loop

Load

Vdcc-

Ls

Figure2-6 Circuit Model of SiC MOSFET

Figure 26 shows the circuit model of the SiC MOSFET in double pulse test. As shown
in Figure 26, in the power switching loop, the parasitic inductance incladesce inductance
Ls, drain inductancéq and comma source inductande:m.

When the switch turns off, the drain current cha@gandMiller capacitorCyq. The

gate driver and loop are analyzed here. The gate loop quality factor is:

1 L, + L.
Q= (2-16)
Rg,int + %,ext +Ririver Cfss
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The gate loop intrinsic speed is:
S = 1 -
(Rg,int + I%g,ext +Ririver) Qs (2_17)

The gate driver figure of merit is derived by dividing the gate loop intrinsic speed with

the gate loop quality factor, which is:

S 1
GFOM=—"% =[— = (2-18)
Qg (Lg + Lcm) OiSS

From the figure of merit, to take the full advargagrom the SiC MOSFET® get
maximum intrinsic speedhegate resistancehould be minimizedThe parasitic inductance
Lg andLcmin the gate loop should be minimized too to maximize the gate loop figure of merit.
The large peak gate current will gerteran opposite voltage on gate inductang® reduce
the gate voltag®/ys Takethe turn off transienas an exampleCys discharges and resonant
with Lg, the current has voltage drop on the gate resist@gcgowing down the switching
speedThe highdl/dt generates a smficant voltage drop on common source inductabgg
which couples the noise from the power switching loop and induces a voltage drop on gate
source voltag&/ysto slow down the switching speed as wklthe voltage drop is too lge,
fault trigger will happen and breakdown the device.

For the power switching loofhe highdl/dt during the turn off transient cause the spike
voltage orsource inductandes anddrain inductancégq, which causes the overshoot on drain
source voltageMeanwhile,the source inductande anddrain inductancé.q resonant with
MOSFET drairsource capacitandess, the drainrsource voltag®/4s has oscillation.

In the PCB design, the parasitic inductance and capacitance are inevitable in a power

electroniccircuit and will reduce the switching spe&ar the chip itself,ite chip size of the
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device is proportional to the parasitic capacitance of the MOSFET. Thus the parasitic
capacitanc€iss of SiC device is much smaller than the Si dewgkich helps tomprove the

gate loop figure of meritThe wire bonds and leads for connectiam the device packages
involve the parasitic inductancéhus for the T@220 or TOG247 packages of SiC MOSFET,

the common source inductankce, can introduce a significant sla@ewn and also introduce
oscillation which could destroy the devicEsom the external circuit, the PCB trace and layout
could both influence the external parasitic inductance and capacitance of the M@SFET
worsen the situation. A solution avoid the ogrshod and oscillation problemis to adopta
largegate resistana® limit the switching speed to a lower levelowever the switching loss

will be increased accordingly.

As analyzed above, if the switching speed is fast enough with strong driver, the
switching loss can be minimized. The parasitic parameters in the gate loop and power
switching loop should be minimized accordingly to avoid switching speed slowdown and
potential device breakdown. Based on the analyséslayout of the module and PCBatiit
should both be designeaptimally to solve the problem. To demonstrate the significant
influence of the parasitic parameters to switching transients, double pules simulations are
carried out in Matlab.

The double pulse tests ararried out at 800\dc bus voltage20A load current The
influences by differentg, Ld, Ls andRg on switching transients are shownFigure 27 to

Figure 210.
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From the simulation resultgate resistancgy andcommon source inductanten are
the most significant factors which influence the switching speed. The switching loss is
calculated from the simulation results

400
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Switching loss{ul)
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Source common stray inductance |(nH)

—t—turnonloss(ul) —M=—turnoffloss(ul)

Figure2-11 Influence ofLcmon switching loss

As mentioned above, the double pulse test results are not accurate to calculate the
switching loss. The energy storedGgssshould be included in the turn on loss, axdluded
from the turn off loss. After the calculation, the switching loss influenced by parasitic

parameters are shownhkigure 211 andFigure 2-12.
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Figure2-12 Influence ofR; on switchirg loss
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The results showate resistand®; andcommon source inductanten hasasignificant
influence on switching loss. In the ideal condition wihd no gate resistancthe fast
switching speed is enabled, witho parasitic inductancesqurce inductace Ls, drain
inductance_q andgate inductancég), the turn off switching loss could be reduced to zero,
which proves when the switching speed is large enough, the lossless turn off switching could
be realized. There is no boundary for the switchingueegy considering the SiC MOSFET
device.

For the driver chipdue to the limit of rising and falling time, the minimum pulse width
is limited, which means there is a switching frequency limit for the gate driver. On the other
hand, the Joule heating gertedaduring the switching transient by charging and discharging
device capacitance causes the temperature rising of the driver chip. The thermal limit should
also be taken into account when pushing the switching frequency. In this dissertation,the ultra
fast gate driver UCC27531 from Texas Instruments is adopted. The driver has 2.5 A source
current and 5 A sink current capability. The gate loop can be simplified as a RC circuit, and

the diver circuit is shown as Figure 23.

VDD —T

\ ‘ OH
Rnugs, Pull Up
5 S I'_
!

Input Signal [Anti Shoot-
Through

Circuitry | Narrow Pulse at
each Tum On

Figure2-13 Driving circuit of UCC27531 foSiC MOSFET
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As analyzed in the previous section, the turn on switching transient includes four
intervals, as shown in Figurel2l. The minimum pulse width should be larger than the gate
voltagecharging timeThus the switching frequency of the device is limited to:

t td (2-19)

f_¢ (2-20)
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Figure2-14 Time intervals during the turn on switching

Otherwise, there is not enough time Y@eto charge td/q¢a. The device cannot be fully
turned on, which makes the channel resistance large, increasing conduction loss.

Experiments are carried out to verify tbalculation as shown in Figurel®. The
given driver voltage is4V~20V, two pulse widths are given to the driver UCC 27531 when

the drain source voltage is 0 V. When the pulse width is 115 ns, the gate voltage could be
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charged to 20 V. However, when the pulse width is 50 ns, it is only chardé&d8td/ then

turn off. There is not enough time for the device to turn on.
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Figure2-15 Pulse width limitation of gate driver

It is worth noticing that the charging time is dependent on tiwerdchip capability

and theVys The experiments shown in Figurel3 are carried out at no load condition, which
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makes the parasitic capacitar@g very large.According tothe simulation results shown in
Figure 214, with drainsource voltag®4sat800V, load currentq at20A, the gate charge time
is around30 ns, assume the duty cycle is 0.5, the switching frequency is limited to 8.33 MHz
for driver UCC27531. If a strong driver is provetitakes less time fovgs charging toVag,
thus the minimum pise width will be smaller, the maximum switching limit will be higher.
Except for the minimum pulse width limit of the driver circuit, the driver temperature
is another limit for the gate drivelMost of the drivers usa plastic case, whicimakes the
thermal impedance relativelyigh. The driver loss is calculated as:
Ross & =Qy OR T, (2-21)
Takethe SiIC MOSFET CPM2200-:0080Bfor example the driverloss is calculated
as 3.85 W when the device is operated at 4 MHz. The Joule heating cosédtha driver
junction temperature exceed the mxamum temperaturat 150 €. However, although the
total driver loss is large, majority of the driver loss is dissipated from the MOSFET die, only
part of the losss dissipated in the driver chip. Thawhr thermal limit will be discussed later

in the dissertation.

2.4.Lossless turn off switching SIC MOSFET module

2.4.1 SIC MOSFET module configuration

Conclude from the theoretical analysis, to push the switching frequency, SiC MOSFET
should be driveras hard as possible to achieve lossless turn off switching. There is no
switching frequency limit for SiC MOSFET itself with strong driving capability and

optimized circuit layout desigis analyzed above, the gate resistancepanasitic inductance
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deteminethe figure of merit of gate driver circuit. The gate resistance should be minimized to
improve the gate driving speed, and the minimized parasitic inductance helps to reduce the
induced voltage drop ithe driver circuit to slomdown the switchingpeed, causing higher
switching loss and breakdown hazard.

Following these principledyy integrating astrong driver with the MOSFET die in the
module, the gat®op can be minimizedA driver integrated SiC MOSFET module is proposed
in this dissertationThe integrated half bridge G MOSFET module is consisted by two 1200
V 80 mohmSiC MOSFET bare dies CPMER2000080B fromWolfspeedand twoultra-fast
gate drivers UCC27531 from Texas Instrunseifthe configuration of the modukeshown in
Figure 216. Zero external gate resistor can leed in the module while thaternal gate
resistance of thiSi C MOSFET is 4.6Y. 47nF decoupling
high voltage dc terminals to decrease the drain loop parasitic inductance. Direct dugpkd
(DBC) substrate is used here to improve the thermal impedance from junction to the baseplate.

The fabrcated module is shown in Figurel2. The size of the MOSFET bare die is
36mm x24mm. The module is fabricated with the direct bonded copper)B®&kesubstrate
to improve the thermal dissipation from the limited die area to the baseplate. The switching
loop is indicated with a red frame in kig 217. The area of the switching loop is o
mn¥. The driver is directly connected to the gate ot he devi ce by wire bec
resistance. The area of the gate loop is @Blyn?. A NTC is also integrated witithe module
to measure the temperature of the substrate. This function could be used for temperature

protection during the operation
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Figure2-16 Integrated half bridge module configuration
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Figure2-17 Fabricated SiC MOSFET Module

The module has several features:
1 Strong capability driveis integrated witithe module
1 Kelvin connections is adopted to eliminate the common source inductance
1 DC bus decoupling capacitorirgegrated witithe module to reduce the power

switching loop inductance. Low ESR and ESL capacitor should be chosen
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1 Decaupling capacitors are integrated for turn on and turn off gate loop to reduce
the parasitic inductance
1 0 ohm gate resistor is enabled by the small parasitic inductance, to push the
limit of the switching speed
Several drivers are compared in this moduleluding the Diodes Incorporated, IXYS,
STMicroelectronics, Infineon and Texas Instrumenike drive comparison is shown ifiable
2-1. All the candidates are strong capability drivers. As the driver needsintegeated with
the module, the size anaingplicity of the driver are important factors. The isolated driver needs
the power supplies for both primary and secondary side, which not only makes more pins in
the module, but also increase the gate loop area and induce more parasitic inductance. Thus,
the nonisolated driver needs to be chosen. The UCC27531 has smaller package, and also has

small propagation delayhich makes this driver outweighs the others.

Table2-1 Gate driver comparison

Gate Driver Gate driver Maximum
Body size
Manufactures part number output current

Diodes Incorporated ZXGD3005E6 2.8*3 mm?
IXYS IXDN609 9A No 6*5 mm?
STMicroelectronics gapDRIVE 5A v 10*10.25 mm?
Infineon 1EDI6ON12AF 6A %s‘ 5.9*5 mm?

@ts ucc 27531 2.5A (on) / 5A (off) No 2.9%1.6 mm?

According to the output characterization of 8i€ MOSFET shown in Figure 28, to

fully turn on the MOSFET and achieve lowRyson high gatesource voltage should be chosen.

The SiC MOSFET turn on gate voltage should be chosen above The\gate voltge of
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CPM212000080Bis chosen as +20V for turn on andl V for turn off according to the

recommendation of the datasheet.
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Figure2-18 Output Characterization of CPM200-0080B
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To minimize the parasitic gate indaote, the driver chip should be pldees close as

possible to the MOSFET dies. However, there is a thermal coupling between the driver and

the MOSFET die. The temperatuoé the MOSFET die can be over 1@0Cluring the

operati on,

Strong thermal coupling will cause the drive temperature to rise.

c 0 n s € petkejundtion iempehaturé of SiC MOGSIFETedevice.

The thermal coupling experiments are carried out with the integrated SiC MOSFET

module attached to a coajjrsystem as shown in Figurel9.
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Figure2-19 Assembled integrate8iC MOSFETmodule with cooling system

The module is attached to a heatsink and a fan. The cross section of the module is
shown in Figure-20. The heatsink size is 45mmasmm>25mm and uses a 1.68W fan. The
integrated module is soldered to a Copper with Nickle plated baseplate and then attached to
the cooling system \th thermal interface materials.

The power dissipation calpidity of this cooling system isneasuredA current source
is connected between dc terminals of the module to inject a constant current to the switches.
The conduction loss of the switch is used to generatddbkeheat.The input voltage and

current areneasured to calculate the total power dissiaith the module.

SiC Module

Figure2-20 Side view of integrated SiC MOSFET module wiitie cooling system.
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Figure2-21 Temperature measurement of the integrated SiC MOSFET module

Junction to Heatsink Thermal Impedance

Temperature Difference("C)
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Figure2-22 Thermal impedance from junction to heatsink

As is shown in Figre 221, the junction temperature 1is
maximum power dissipation in the module is 58.6 W, which means 29.3 W is dissipated in

each die. The thermal resistangef r om j uncti on to heannFguaek i s

r

2-21,the thermalresistaneg, f r om j uncti on to ambient is 4.1

is also measured in this experiment to verify the capability of the driver in high temperature

environment. When the junction tempat ur e is 150 eC, the drive
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temperature could be higher if driver sk#ating is considered. The shkating of the driver

could be estimated if the operating condition is set.

2.4.2 Driver location analysis

Several NTC are attached on the DBC aesalpositions to measure the temperature
in different locations of thenodule, as shown in FigureZ3. The distance between the NTC
and the MOSFET die varies from 4.5 mm to 14.1 mm. There are two MOSFET dies on the
DBC and havea symmetric layoutthus he NTCs are symmetrical the module A current
source is used to inject power from the DC terminals of the module, the body diodes of the
MOSFET are selheated. During the experiment, fourteen sets of aa&teecorded as shown
in Figure 224. The midpant of the module is athe location with distanceOmm. The

temperatures of NTCs are recorded to test the thermal coupling from the MOSFET die.

Figure2-23 Driversthermal couplingest module based on NTC

According to the results, when the MOSFET
which is 5.9 mm away from the MOSFEOSFETs 66. 8

the temperature is 62.1 eC. Wi th 85 eC | owel
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safe region even i f the MOSFET is at 150 eC.

is chosen in the range of 5.9 mm and 8.5 mm.
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Figure2-24 Thermal coupling measurement results

Meanwhile, the dver loss at each switching transients hadelteating in the driver
too. In order to measure the Joule heating of the driver itself, the driver is switched at different
switching frequenies, while the SIC MOSFET operates with no load. The gate driver loss is
calculated ag2-20).

The temperaturesf driver chip and MOSFET bare dies are measured as shown in
Figure 225. While the switching frequency is around 4 MHz, the driver temperature rise is 47
e OConsidering the thermal coupling from the MOSFETvdien the die is 150 Cthe driver
temperatre will belower than the maximum temperature, which means this driver is capable

of operatingat 4 MHz in this module while the SIC MOSFET is operating atel®D

53



75 Driver & MOSFET Temperature Measurement
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Figure2-25 Driver Joule heating and thael coupling to MOSFET

There will be an insignificant thermal coupling from driver chip to MOSFET die. As
shown in Figure 25, the die temperature hase8@emperature rise when the driver loss is
3.85 W. Thus, the thermal coupling from driver to did nilt have a significanimpact on die

temperature.
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2.5. Integrated SiC MOSFET module performance evaluation

2.5.1.Module layout evaluation

Pin connection

DBC ceramic

Figure2-26 SiC MOSFET module model in Q3D

To evaluate the penfmance of the proposed SiC MOSFET module, the module is
modeled in Finite Element Analysis software. The model of the module is shown in Figure 2

26. The turn on and turn off gate loop ane@deled and shown in Figure2Z.

b

Figure2-27 Gate loop turn on and turn off parasitic inductance

To compare with the traditional F@47three pingliscrete device, a double pulse tester
is built for TO-247 discrete device C2M0080120D with the same die. The dpulsetester

is shown in Figure -28. In order to have a fair enough comparison, the layout of the /0
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based double pulse tester has been optimized designed. The leads of the pin are shortened, and

the driver IC UCC27531 are placed as close to the devigessthle.

Figure2-28 Double pulse tester for discrete 3227 device

The TO247 based double pulse tester is also modeled in the FEA software, and the

switching loop of tle device is shown in FigureZ®.

Figure2-29 Switching loop of TG247 SiC MOSFET

As the parasitic inductance is proportional to the loop area, the loop area can be used
to evaluate the integrated SIC MOSFET module with the traditionaRdObased SiC
MOSFET. The comparison of the gate loop and the power sagtébop are shown in Figure

2-30.
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Figure2-30 Gate loop and power switching loop area comparison

As can be seen,ith the fast dver chipintegrated witithe modulethe gate loop area
of the integrated module is much smaller than the conventionél4l/Qdesign. The power
switchingloop is opimized in theintegrated SiC MOSFEMmodule to have the minimuiy
andLs. Comparing withthe module, thediscrete TO247 package€2M0080120D with the
samedie, the integrated module hasetpower switching loop area loop aaa42mnt; the
TO-247 devicehas the power switching loop area at 2007. The gate loomreaof the
integrated modules 18 mnt; comparing to 10@nnt gateloop area of the TQ47 device. The
parasitic inductance dboth power switching loop and gate loop amech smaller in the
integrated moduleExtracted from the FEA simulation, the parasitic inductance of the turn on
gate loop is 7.6H, while the turn off gate loop 4rH.

2.5.2.Switching performance evaluation in double pulse test

The double pulse test is then carried out forftte247 pakaged SiC MOSFET and

integrated SiC MOSFET module. The double pulse testrised out under 800 V, 10 Ahe

load inductor is chosen as 60 uH, anddkternaldc bus capacitor is consisted by two 27 uF
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film capacitorsin the double pulse test, the drain current could not be directly medsured
the integrated modulés the @coupling cap is packaged inside the module, there is no small
enough current probe which could fit in the Aluminum (Al) bonding wire on the direct bonded
copper substrate. Thus, the current of the inductive load is measheedrain current of the
TO-247 packaged MOSFET is measured by a small Rogowski coil on the draiif hesaitrn

on and turn dfwaveforms of the T&47 devie are shown in Figure-21.

Double-pulse Test at V=800V Turn On Double-pulse Test at V=800V Turn Off

Vg 5Vidv
Vipg:200V/dV

— Vg SVidv
Vg 200V/dV |
o SAKV I/ SAKIV

/\/\JW\/M"‘-*/

& — ol
358 36 362 364 368 368 37 372 436 438 44 442 444 446 448
Time/s x10 Time/s x10*

Figure2-31 Experimental results foFO-247 disaete devican double pulse test

Although the power switching loop and gate loop have been optimized and minimized
for the TO247 packaged device in the double pulse tester, there is still large parasitic
inductance in ta loop, which induces thevershobd and oscillation in the draisource voltage
Vus, and gatesource voltag¥®gs. The parasitic inductanceestracted from the FEA simulation.

The power switching loop parasitic inductance isid7the turn on gate loop is 28, as well
as the turn off gte loop. The simulation results by using the extracted parasitic induatance

shown in Figure B2, which match with the experimental results.
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Figure2-32 Simulation double pulse test resultsi@-247 packaged SiC MOSFET

The turn on and turn off switching waveforms of the integrated SiC MO $kd&tille
are shown in Figure -33. The gatesource voltage and drasource voltage are clean
comparing with TG247, the overshoot and oscillation are mirmed.No external gate resistor
is neededo damp the gate loop noiaad slow down the switching speed. The SiC MOSFET
di e has mtbroalgate rdsistdnceyand thae driver adds additional driver resistance
to the turnon and turroff. The tun-on driver resistance is 1.95 ohm, while the tofindriver
resistance is 0.65 ohrgven with theresistance, the drivingpeed for the developed module

is extremely fast and the switchitags of the integrated module candignificantly reduced.
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Double-pulse Test at V=800V

Double-pulse Test at V=800V
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Figure2-33 IntegratedSiC MOSFETmodule double pulse test

As explained in details abovamost zero turoff loss is achieved iproposed module.
This can beadirectly observedrom the turroff wavefom of the integrated SiC MOSFET
module shown in Figure-23. There is negligible plateau voltage observed in the gate voltage.
The gatesource voltagd/ys is quickly reducedthrough theMiller plateau voltag®/piateau to
threshold voltag&/n earlier thanhe Vgs voltage rise. During the turn off procesthe period
of Miller plateau is determined by the charging tim&/dfer capacitianc&qq. After the gate
voltage falls to threshold voltagén, the MOSFET is turned off and the channel current stays
zero without generating Joule heating.eTslew rate ¥gs/dt is determined by the load current
I and output capacitan€®ss. If the drain current is smaller than a certain value, the dissipative
channel current will drop to zero before the voltage startise, which make®o turn off

switching loss The condition for this zero tumif loss @n be roughly expressed:by

(2-22)
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As measured in Figu2 33, thedV/dtof the integrated module reachesk®Bus during

the tun on transient and 39kV/us during the turn off transient. The turn off time of the switch

is 16 ns when the draspurce voltag&/ssrises from 10% to 90% of its peak voltage. Due to

the extremely small stray inductance of gate loop, although the swgtsheed is very fast,

the gatesource voltagd/gs waveform isvery clean and noise fre€omparing with TG247

packaged SiC MOSFET, the integrated module has no oscillation or overshoot observed,

which verifies the switching performance of the device gnificantly improved by the

proposed module, leading to lower switching loss and higher switching frequency.

The parasitianductances extracted from the FEA simulatioithe power switching

loop has around 10Hhinductance, and the turn on gate loopnH6 the turn off gate loop 4.1

nH. The double pulse tests simulatr@sults are shown in Figure32 to verify the extracted

inductance.
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Figure2-34 Simulation double pulse test results mteigratedSiC MOSFET

Without the external gate resistor, the gate loop switching speed is mainly limited by

the internal resi stor

of

t

he

Si

C MOSFET

optimize the switching speed, the internal gate resistor castdoal reduced in the future.
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2.6.Measurement method to verify lossless turn off switching

2.6.1. Lossless switching validation and current boundary

Traditionally, the switching loss is measured by the double pulse test. Two ON pulses
are generated. The first jgel allows the drain current to reach the desired value, and then the
pulse turns off. After a short period, the pulse turns on again. This measurement needs the drain
current and the draisource voltage to be recorded by a high precision oscilloscope at t
switching transient. The current and voltage data are taken to do integral to calculate the
switching loss. This method has two drawbacks: 1) the waveforms of drain current and drain
source voltage need to be synchronous. However, the current prolseltage probe could
only be synchronized manually, which could bring in error. The small error will influence the
precision of the calculation result; 2) during the turn off transient, the current charging the
parasitic capacitors is measured by the ctinpeobe. This part ofhe energy is stored in the
capacitor but not dissgted through the channdlhus,the energy measured during the turn
off process is not accurate. When the switch turns on, the parasitic capacitor is discharged
through the channethis part of energy is not measured by the current probe, which causes
impredsion to the turn on energy too. As the integrated SiC MOSRBRdule is all packged
with decoupling capacitor,hé high precision current probes such as the coaxial shunt,
Rogowsi coil are not small enough to insert though the Al bond wire on the direct bonded
copper substratdhus, in this dissertation, the thermal rising caused by Joule heating is used
to measure the switching loss. To generate a relatively significant posgeinl the module,
the device needs to be operatingdiigh switching frequency in a continuous operation. A

half bridge inverter is built. With inductive load, the converter is working in zero voltage
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switching without turn on switching loss. The contilue loss of the module can be controlled

by the switching frequency, load inductance and dc bus voltage. The duty cycle of the gate

signal is set as 0.5.
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Drain-Source Voltage (Vds)

Figure2-35 Measurement of stored energy

Firstly, the stored energy in the module could be tested witload, a dc voltage is
added tathe dc port of the modul&o get a precise input currehiigh bandwidthPearson
current monitor is used in this experiment. The input power is calculated by thaliotetye
current and voltage. The switches are switched with 100 kHz gating signals. During each
switching transient, one switch is charging, the other is discharginde.dduoé the discharging
switch is dissipated through the channel of the devies=dh of the charging switch is from
the energy of dc source. During each switching period, the measured input energy equals to

two times ofEqss which is calculated by, = V.l of o/ 2. The measureBssfor the module

is shown in Figure-35. When the dc voltage is 400V, tBgssis measured a$4.5 uJ.
In this measurement method, the junction temperasungeasurect 800V, 5.5 A at

different switching frequencie$he switching frequency is ranging from 300 kHz to 1 MHz.
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The junction tempeature of SIC MOSFET is measured by the FIoTHERM infrared thermal
monitor. The junction temperature rising corresponding to the switching loss is calculated here.
To do so, the driver loss and thermal coupling should be deducted from the temperature rise to
get the device loss only thermal rise. Then the conduction loss, deadtime loss, and etc. should
be deduced from the device thermal rise, getting the switchinglidbg. deviceswitching
loss is not frequency dependent, the zero turn off switchingdoskl be verified. The
experiment setup and malé diagram are shown in FigureSg.

To measure the switching loss of the SIC MOSFET, the module is operated at high
voltage high frequency conditionh& DC input voltage is set as 800V, the output indectiv
load is 10 uH. To stabilize dc voltage, ten Ouf7ceramic capacitors are connected in series
as the dc link capacitor. As the ESR of the decoupling capacitors are small, the dc decoupling

capacitor loss could be negligible.

Base Plate

Figure2-36 Experiment setup and module diagram

The thermal impedancg,, from junction to ambients measured, with the same

cooling system mentioned abovio avoid an insignificant temperature rise, thedole is
operated under natural cooling witie only heatsink attached. The fan is removedurrent

source is connected to the dc terminals of the module, body diodes of MOSFETs-are self
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heated to generate a constant power loss and they are the onspineat in the test. The

junction temperature and heatsink temperature is measured in this séstven in Figure 2

37.
1T 8} B-a1 gt
M I DC- DC+
wos I
(_)l | Vdc Base Plate
+/4dc
I'; S Prilbs
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Figure2-37 Junction to ambient thermal impedance calibration
The thermal esistance of the cooling systeqq , is calculatedag 4 e C/ W as s hc
in Figure 238
p = Thealsink_ Tambient
dis
Ghs_a (2-23)
110
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Figure2-38 Thermal impedance of junction to ambient
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Then the thermal coupling measured as shown in Figureé82 In this experiment,
only the driver chip is operating at different switching frequencies, and SiC MOSFET device
is not working. The driver chip can have the thermal coupling to the MOSFET die in two ways:
the first one is from the DBC, the second onéhés internal gate resistance loss during the
switching transients. At the switching transients, the gate current can generate Joule heating
on the pullup or pultdown resistors in the driver chip, and also gendratéoss on the SiC

MOSFET internal g&t resistance.

{?—W‘*' :,—wv—ﬁ}-

DC DC+
I [ I

Base Plate

Figure2-39 Thermalcouplingfrom driver to SiC MOSFET die test setup.

The power loss on driver chip and SIC MOSFET can be calculated as:

Piver =2 Mg fQ), QgC") P; =Pe (2-29)
Pri =k Qe (2-25)
Pz =K Quer (2-26)
Tover =R ca ® R Tk (2-27)
T=Res i © R Tt Tooud (2-28)
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Figure2-40 Thermal coupling measurement results

The measurement resultseashown in Figure -20. The switching frequencies are
chosen as 353 kHz, 434.6 kHz, 545.4 kHz, and 1 MH® blue curve is the junction
temperature, red curvetise die temperature, and the grarve is the thermal coupling from
the driver chip to dieThe thermal impedance from the driver case togpnbient is simulated
in COMSOLas shown irFigure 241, which is 82.% @V. According to the calculation, k1 is
calculated as 0.285, which means 28.5% of driver loss is distributed on driver chip and the
other 71.5% is distributed in MOSFET die. The thermal coupling from the driver chip to die
is shown as formula ¢29).

Ry e =82.5C/W (229

=4.7°C /W & (2-30)

driver

T

couple
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Figure2-41 Thermal impedance of driver case top to ambient

After the measurement dfie junction to ambient thermal impedance andrihal
coupling, the device loss can be measured according to the die temperature. To decompose the

device power loss, the junction temperature is calculated as:

Tj = Rnos_ ja qus T-(i:_ouple T&F‘n (2'31)
I:)mos: k2 eriver p<:_or1 Pd-tH— Ew (2'32)

The conduction loss drdeadtime loss could be calculated as:

I:)cond = Ron Qs_ rmJ 2 (2_33)
P,=2 D |Q Ve GSW (2-34)

The conduction loss could be derived frBm =12, B,.. AsR,,is dependent on drain
current and junction temperature, the junction temperature is calculated and the corresponding
R,, with this junction temperature and drain current is calibrated and verified héth t

datasheet as shown in Figur&2
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Figure2-42 Ron calibratiorvs. junction temperature

The onstate resistance could be represented by:
R, =2.893310° T@ 0-00152T,  O0.281 (2-35)

By deducting the driver loss, conduction loss, deadtime loss from the MOSFET powe

loss, the switching loss can be calculated as:

op, = e @D R, DR (2-36)
Rios ja
Table2-1 Measurement resultgith differentswitching frequency
fsw Peon Pyt K2"Pyriver AP,
353 kHz 047 W 0.36 W 0.7W -
434.6 kHz 0.48 W 0.44 W 0.86 W 0.03W
545.4 kHz 045W 0.53 W 1.08 W 0.018 W
1 MHz 0.46 W 0.96 W 1.99 W 0.06 W

The experimental results are shown in Table As the experiments are carried out in

an enclosure, to avoid the influence of inaccurate measured ambient tempera&ure, th
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difference of switching loss is used as the index. The 353 kHz experiment result is used as the
base value, the difference of the other measurement results are calculated shown i Table 2

From the measurement results, the differenceswaitching loss between different
switching frequencies is negligible. Thus, it can be concluded that at 800Vsdrace
voltage, and 5.5 A drain current, the switching loss is indeperaf the switching frequency,
the turn off switching loss is zero.

Then, the continuous tests are carried out at different turn off current at fixed frequency
1 MHz, as shown in Table-2. The switching loss difference between different condstion
couldbe calculated as:

DT.

DR, ==—— -PQ PR,
0s_ja (2_37)

Table2-2 Measurement results with different Id at 1 MHz

Isw Vds Pcon Pdt APsw Eoff
5.5A 350V 0.5W 1.2W -- Oul
6.3A 400V 0.69W 1.43W 0.09W Oul

7A 440V 0.87 W 1.57 W 3.97W 0.3ul

According to the alculation results in Tabi2 1, as the turn off switching loss at 5.5 A

has already been approved tozZeeo, taking this value as the reference, the switching loss at

6.3 A is zero too. The loss at 7 A is slightly higher, and is calculated asl 0wich is also

small enough. The zero turn off loss current boundary is mehstiegound 6 A in this case

as shown in Figure-23.
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Figure2-43 Lossless turn off switching loss current boundary
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Figure2-44 Zero turn off switching loss current boundary in TCAD.
Figure 244 shows the lossless turn off current boundary in TCAE upper line
shows the ideal circuit layout, with zero gate inductance, zero source inductance and drain

inductance. The-axis is the common source inductance. When in ideal conditierzeto
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turn off loss boundary can be pushed to 19 A when common source inductance is zero. In the
proposed module, although thesldin connection is used to eliminate the common source
inductance, the gate inductance is still existing, making the curcemtdary lowerIf the
driver capability is stronger, the SIC MOSFET can be switched at a faster speed, or the circuit
layout can be further improved, this boundary can be further pushed.

The turn off switching loss at 800V, different drain current are alsasured and

shown in Figure 5.
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H Conduction loss = deadtime loss switching loss

Figure2-45 Turn off switching losst 800V at different current
2.6.2 Megahertz continuous test
Megahertz continuous tests are then carried out to verify the lowhawgttoss of the
module. First, a 1.5 MHz synchronous boost converter is built. The input voltage is 400 V,
with 50% duty <cycl e, and the voltage stress
resistor and the dc link capacitance is 54 uF. The boosttodiscs.4 uH The @onverter is

shown in Figure 26.
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(b) Side view of half bridge inverter

Figure2-46 Lossless turn off switching loss current boundary

The experimetal results are shown in Figure4Z. Zero voltage switching (ZVS) is
realized for both of the MOSFETS, thus only tafifiloss exists. The heatsink temperature is
40 eC, and the junction temperature i s meas.
7.1 A. According to the datasheet of the MOSFER, is85mY. The power di ssi
module is calculated to be 19.97 W. By deducting the deadtime loss and conduction loss, the
turn-off loss is calculated as 3.93 uJ. This loss is vewydnd can be considered almost zero

turn-off loss.
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Figure2-47 1.5 MHz synchronous boost converter experiments

Then a 3.38VIHz continuous test in half bridge invertertiencarried out to further
prove the zero switching loss when the drain current is relatively low. The half bridge inverter
is operated at 700V and 4.6A peak to peak current. The exg@#rnesults are shown in Figure
2-48. With the fast switching speed and high switching frequeheydtainsource voltage is
still without overshoot and oscillation. The heatsink tempera&u i s, edeb lovleetian
the 1.5MHz test as the drain current is lower. The increasing of switching frequency does not

increase the power loss, which provesdbeducton loss is the dominant part thle module,

74



not the switching | oss. The junction temper ¢

the turn off switching loss is@J, which verifies that in this condition, the fast switching speed

couldnaturally achieve zero switching loss without causing any EMI problem.
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Figure2-48 3.38 MHz half bridge inverter experiments

According to the experimental results of megahertz continuous test, the SEBRO
module can operate at 3.38 MHz frequency at 700V, 4.6 A, and 1.5 MHz frequency at 800V,
10.2 A. The die temperature is far less than limit, and the switching waveforms are noise free,

which validates the low switching loss of the proposed modulethenoptimal layout.
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2.7.Conclusion

In this chapter, the switching transients of the SiC MOSFET are analyzed from double
pulse test behaviors and its physical insights. The limit of the switching frequency is eddress
from the device itself, and the ciitpoint of view. With fast intrinsic switching speed, and a
strong capability driver, the device can achieve zero turn off loss within the current boundary.
Thus,the switching frequency for the device itself has no limitation. The approach in this thesis
is integrating the ultrdast driver chip into the module, with the SiC MOSFET die. The
frequency limitation of the driver chip and the thermal limit are discussed in this chapter. The
integrated module is compared with the-2@7 three pin packaged SICOSFET, and the
performance of proposed module is proved to be much better than the traditional package. The
low parasitic inductance is validated by the noise free waveforms during the switching
transients under 96 kV/us switching speed.

The turn off swithing loss is proved to be zero by the proposed measurement method
in this dissertation. The proposed measurement method is based on the power dissipation of
the module. The module is operated at 800V, 5.5A at different switching frequencies, and the
deviceloss is proved to be independent of the switching loss. The lossless switching can be
achieved at this voltage and current level. The current boundary is measured at around 6 A.
With stronger driver capability, faster intrinsic speed device, and a loettait layout, the
current boundary can be pushed higher.

The module is operated in a synchronous boost converter at 1.5 MHz frequency at
800V, 10.2 A. An inductive load half bridge inverter is operated at 3.38 MHz at 700V, 4.6 A,

while the device junctio temperature is far less than the thermal limit. The megahertz
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experiments validate the low switching loss of the integrated module at high voltage condition,

and the switching frequency limit of the proposed module can be even higher.
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CHAPTER 3 Common Mode Noise andeEMI Problem

Analysis

3.1.Introduction

Above analysis shows that the SiC MOSFET can achieve zero switching loss if ZVS
turn-on is utilized in the circuit. Therefore, the semiconductor limitation of the switching
frequency is way above WMHz for the 1200 V SiC MOSFET. This conclusion enables
megahertz frequency in power electronics converters. In other words, there is no limitation for
the SiC MOSFET to achieve megahertz frequency. The SiC MOSFET should be driven as fast
as possible tolininate the switching loss. In this case, the hdytidtanddI/dt could generate
large noise in the system, which causes the conductive EMI problem.

There are two types of noise in converters, differential mode noise and common mode
noise. Both of thegises require current path. Thus, a close loop path is a necessary condition
to generate the noises. For the differential noise, the current in the loop travels in the opposite
direction, and generating a differential voltage. The voltage source is npranabltage
source, which is generated by parasitic inductance etc. The common mode noise travels in the
same direction, and the close loop normally includes the ground lbeparasitic capacitance
distributed in the converter. Although they are indigant and not causing problem most of
the time, when the switching speed is fast enough, the parasitic capacitance can act like short
circuit. With the high intrinsic speed of wide bandgap devices, and the-mmeggahertz

switching frequency enabled, ttemmon mode noise and conductive EMI will become a
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headache in the converter design. In this dissertation, the common mode noise loop is mainly
discussed and analyzed.

The common mode current is a general problem in the high speed converter system. In
order to have a common mode current loop,aselcurrent loop is necessary toe circuit.
To break these paths, isolation, filter and shielding are all the effective ways, and the noise can
be attenuatedThe common mode filter is used to create a canciéledto suppress the
common mode current in the loop. However, the cost and size of the filter remain a problem.
To find a solution from the circuit itself iscastefficientway. The digital isolator is necessary
to create the isolation barrier betweba digital signal and power stage, the power transformer
is adopted to isolate the primary side and secondary side of the citdsiteery important to
identify the noise source, and parasitic parameters dominant current magnitude. It is also
necessar to analyze the principle the common mode noise influence the circuit. Thus, an

effective approach can be generated to solve the root causes.

3.2. Common mode current loop analysis

The common mode current generated byd¥i&ltand parasitic capacitance:

dv
l,,=C— 3-1

The capacitance in the formula can be any parasitic capacitance whialsindgen
voltage drop. For power transformer, although the wire has enough insulation layers, there is
parasitic capacitance between them. Tapacitance between the wiresarsetof winding,

and the capacitance between primarmding set and secondary winding set are both current
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loop conducting common mode current. As shown in formutd) (80 suppress the common

mode current, the parasittapacitance and tha//dtshould be minimized at the same time.
However, the lowdV/dtleads to high switching loss of the device. As analyzed above, the
switching speed needs to be as fast as possible to drive the switching loss to zero. Thus, to
reduce lhe common mode current, the capacitance needs to be controlled.

The half bridge circuit schematic is shown in Figu® 3
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Figure3-1 Half bridge circuit schematic.

Based on SiC MOSFET,&ery highdV/dtcan generate the path for high frequency
current, flowing through the isolated power supply, digital isolator and ground Pla¢h
energycauses oscillatioim the system between parasitic capacitance and inductance. And the
unbalanced voltage on the par@sihductance could generate the differential voltage on the

key waveformsincluding the input signal of the gate driver and gaderce voltage
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The high dV/dt happens at the switching transients. Theref@ue conditions which
introducethe switchingtransients: low side switch turns off, high side switch turns off; low
side switch turns on, high side switch turns on. In soft switching topologies or controls, zero
voltage switching is realized, the body diode of the other switch conducts aftereesaatch

has hard turn off. Thus, there will be no turn on transient introdinegigdV/dt

Table3-1 Switching transient waveforms during turn off

Low Side OFF High Side OFF

High side
PWM

High side
Vds

Low side
PWM

Low side
Vds
(Vsw)

EMI Issue No shoot through Possible shoot through

3.2.1 Common mode noise whienv side switch turns off

At first, the soft switching condition is discussed, two turn offs generatedvigdt
The switching transients are shown in Tablk 3Vhen the low side switch turns off, tthe/dt
happens after the gate source voltage reaches threshold voltage. plfeedirircuit when

low side switch turns off is shown in Figure23
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Figure3-2 Simplified circuit when low side switch turns off.

The parasitic capacitandg, is the isolation capacitance of isolated powupply. The
on board isolated power supply converters power from the 24 V input voltage to 24 V output
voltage to the drivers. The parasitic inductarigeis the parasitic inductance from the
secondary side of the isolated power supply to the gaterdgnmind. Learth parasitic
inductance on the ground loop, aRén is the parasitic resigtae ofthe ground loopVswis

the voltage of the switch node.
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Figure 3-3 Common mode current loop when high side switch turns off
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When the low side switch turns off, the common mode current path does not commute
from thelow sideswitch ground loopas there is ndV/dtbetween the isolated capacitar
the power supplfor the low side. The common mode current still conducts from thesidgh
and the path is shown in Figure33

The voltage of the switch node is:

Vv, )=V, -kt (3-2)

k is the maximundV/dtduring the voltage swing. The instantaneous voltage drop on

the parasitic inductands is:

.. 7
V() =V,,(0 © - (33)
M/Lp + |/Meth -'Reth T/l—/(:i

p

The voltage is calculated ithe time domain. The calculation is transformeditite
frequency domain by Fourier transformation. Thus, the switch node voltdgefrequency

domain is:

k
V(9= — (3-4)
S
The voltage drop on the parasitic inductabge thefrequency domain is:
V9=v(3 oo D 35)
ST T (L +L,,) 6, SOR €, €
Combine (34) and (35), the voltage drop o, can be calculated as:
L & . 1
V(9= —2— -8 (3-6)
eth 32 +ﬁ S 4#
Leth CpLeth
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Thus, the instantaneous voltagemlonLp in the time domain can be calculated by

reverse Fourier transformation:

L Cx Reny 2
V(1) = P — e sin(i/L R (3-7)
Lem ?/ 1 R LethC p 4 Leth

LethC P 4 Lzeth

By choosingCp as 6 pFLpas 30 NHRearthas 0.5 ohml earthas 10 uH, the instantaneous

voltage drop on the inductance under diffedvidt is shown in Figure-3.
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Figure3-4 Voltage noise under differedi/dt.

The dV/dtis set from 50 kV/us to 200 kV/us. The higher th&dtis, the higher the
voltage drop is. The voltage drop is the noise source for the input voltage of the driver, and
also the input of gatsource voltageConsiderirg the driver chip is integrated with the module,
the parasitic inductance from the driver chip ground pin to the MOSFET ground pin is around
3 nH. The majority of the voltage drop is from the output pin of isolated power supply to the
input pin of the drier chip. The voltage noise source can create a large voltage rise on driver
input signal on the high side switch to turn it on. The input threshold voltage for the high level

is 2.2 V, thus the maximuwfv/dtin this circuit layout C, as 6 pFLp as 30 nH)s 100 kV/ns.
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By minimizing the parasitic capacitance of the isolated power supply and parasitic
inductance on the path, the noise voltage can be suppessaadl. TheC; is set as 3 pFotl5

pF andthe resultareshown in Figure 3.
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Figure3-5 Voltage noise under differe,
Thel,is set as 10 ntbtl5 nH and the results are shown in Figu& 3
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Figure 3-6 Voltage noise under differeh,
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As can be seen from Figuré&3and Figure &, by minimizing the parasitic capacitance
of the isolated power supply ancetharasitic inductance from the power sugplthedriver,
the common modeoisevoltage can be controlled iye input threshold voltage of the driver.
To calculate the time of the peak noise voltage, the derivative of the noise voltage is

taken as:

dvi (1) _ !
—LE=0 (3-8)

The time & the peak noise voltage happens at:

2
2|‘eth O L R2
_ -1 I‘ethC p 4 I-eth
tmax =tan \ Re ) (3'9)
th

By takingtmaxinto formula (37), the peak noise voltage is:

VL max = E e@em Sin l - l2 tmax) dD‘/thre'shold (3_10)
B \/ 1 R2 Letth 4 Leth
I-eth O

I-ethC p - 4L2eth

What needs to be noted is, the noise voltage occurs on the input voltage of theehigh si
gate driver, the low side gate driver will not have much influence, as there is no common mode
current flowing through the low side ground. When the low side switch turns off, the high side
switch will turn on after the deadtime. When the peak noigagelexceeds the input threshold
of the driver input signal, the low side switch PWM has already turned off. There will be no
shoot through hazard in the converter. The oscillation and overshoot is possible to turn on the

high side switch prior to the deade ends, as shown in Tablel3
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3.2.2 Common mode noisghenhigh side switch turns off

Then | etds take a | ook at the turn off
turn off of the low side switch induces a noise voltage source to the begkwitch, no noise
voltage is applied to the low side. Same for the high side switch turns off, the noise voltage
source is also applied on the high side switch itself, which means, during the high side switch
turns off process, the noise voltage appbasthe driver input will prevent the device from
turning off. When the low side switch turns on after a certain deadtime, shoot through will
happen. So the common mode noise voltage happens at the high side switch turn off process
can cause the device bkelawn, as shown in TableB

The common mode current loop when higlesswitch turns off is shown iRigure 37.
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Figure3-7 Common mode current path when high side switch turns off

The simplified arcuit during this switching transient is shown in Figur8.3
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Figure3-8 Simplified circuit during high side switch turns off

The switch node voltage during high side switch turn off is:
vV, =V, -kt (3-11)
Vacisthe dc bus voltage. The voltage drop on the parasitic inductance can be calculated
as:

. Wl
V() =V, () © "1 (3-12)
M/Lp+ Vketh -lReth
nwC

p

By transforming with Fourier transformation,tirefrequency domain, the switch node

voltageVswand thevoltage drop can be calculated as:

Kk
V(9= (3-13)
V9=v(3 o T D (3-14)
ST T (L +L,,) 6, SOR €, €
Combining formula (3L3) and (314), the voltage drop is:
L& 1
V. (9= o 1 (3-15)
eth SZ +% S +
Leth CpLeth

88



Using reverse Fourier transformation fraone frequency domain to time domain, the

instantaneous voltage drop on parasitic inductance is:

L, & S T 2
E e singl— R2
1 R2 I-ethC p 4 Leth

L.O
" LuC, 4L

eth

V()= t (3-16)

The noise voltage during high side switch turn off has the same magnitude with the low
side turn off condition, but 18@hase shiftwhich means thpeak noise voltage appears with
longer delay, and closer to the low side switch turns on time. There is a high possibility of
shoot through when high side switch turns off.

A comprehensiv&implismodel is built based on the whole circdibsvn in Figure 3
1. Detailed SPICE models are built for isolated power supply, digital isolator, gate driver chip,

SiC MOSFET etc. The system model schematic is shown in Figare 3

Figure3-9 Simplismodé schematic of the whole circuit

To verify the common mode noise induced bydNédt no gating signals are given to

the driver, thaV/dtof the switch node is set as BR8/nsand 80kV/nsfor low side switch turns
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off and high side switch turns off catidns. The calculated results match well with the
simulation results ifsimplis, as shown in Figure-B0. TheVysis the drairsource voltage of

low side switch, an¥\ is the driver input voltge of the high side switch. During the low side
switch turnsoff transient, which is highlighted by the red circle, thédt is set as 1&V/ins

the input voltage noise peak value is 0.5 V, which matches well with the calculated value 0.4
V. During the high side switch turns off transient, which is hgjtted bythe blue circle, the
dV/dtis set as 8@V/us the input voltage noise peak is 1.8 V, which is exactly the ia&¥

calculated by formula €30).

Vin 200ns/div
q 1
08 A A A A
J y
2 V 1 T
gUO ds l/ J" .‘\ f
600 o = :
00 L Lo
% 02 04 06 ~43 vy 12 14 16

Figure3-10 Simulationresults of high side and logide switch turns off

3.3 EMI problem caused by basepldteatsink

Besides the parasitic capacitance of the isolated power supply, arcithbenges the
parasitic capacitance in the integrated modiethe driver chip and the MOSFET share the

same bttom copper layeasnd heatsinkheparasitic capacitance exists between the top copper
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layer and the bottom copper layer of the DB®Qe arrent loop is formed by the parasitic

capacitane and the bottom copper. Figurd Bshows the side view of the agrated module.

Input I SW s
+1V +800V
- -J;— . . + ﬂ_++
. +_F+ =2pF Aluminum Oxide (£=9.3-11.5)  _ _—l—_ _ =20pF
Bottom Copper Layer
Bottom switch ON
Input I SW s
oV OV_L
L =2pF  Aluminum Oxide (£,=9.3-11.5 =20pF
T (=0.3-11.5) Tl b
BottormCoppertayet >

Figure3-11 Side view of integrated module

During the continuous operation, the half bridge SW node hasdvgit which is
coupled from the bottom layer to the input gating signal ofgdwe driver. The parasitic
capacitance between the switching point and the bottom copper layscutatedabout 20

pF. The current flow is shown in Figurel?.

sy Parasitic capacitor
AR Joma —F
—_—) >

Il
15mA —gl [ ” L

—

IN L~~~y IF

i i ucc27531

friver internal capacitor

Figure3-12 Current flowcaused by baségie/heatsink parasitic capacitance.

When the switching speed is fast, the noise current caused by the parasitic capacitance

is unneglectableThe inrush current caused by the parasitic capacitance between the module
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and baseplatheatsink will pull currenfrom the driver internal capacitor, if the driver input
signal current is not strong enoughhe input capacitance of the driver chip could be
discharged if the noise current is too large. The gate voltage could be unstable especially during
the turn ortransient.

A 10 pF capacitois connectedo the input side of the driver, which helps to keep the
gate voltage stable. The gating signals with and without the capacitance duringtramseent
are shown in Figure-34. With the external 10 pF capawit the gating signal is stable during

the fast turn on transient.

Doubb-pu[se Test at VDC= 700V Double-pulse Test at VDC=700V
R B e
Va sV

Figure3-13 Switching performance with or without external capacitor

3.4. Conclusion

In this chapter, the general common mode noise andumbive EMI problems are
analyzed. The common mode noise is mainly caused by the parasitic capacitance, and a closed
loop current path is a prerequisite of generating a common mode noise. The common mode

noise loop is identified, and tltminant paramets such as the isolation capacitance of the
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power supply, and the parasitic inductance from the power supply to the driver input pin are
analyzed.

For SiC MOSFET device, the higlv/dt in the circuit can generate a large common
mode current and noise soetria the loop. In the soft switching condition, the high side switch
turn off and low side switch turn off induces high speed voltage swing on switch node. The
input signal of the high side driver will have a noise interference. There is no shoot through
problem when low side switch turns off, but when the high side switch turns off, the delay of
the peak noise voltage can be overlapped with the low side turn on signal, and causing shoot
through problem. The instantaneous noise voltage on the input Sgretulated. A system
model is built inSimplis and matches well with the calculation resus:. the hard switching
condition, the noise is also caused bydkédt of the switch node. And the turn on condition
should also be taken into account.

The mrasitic capatance induced by the basepléteatsink is also analyzed. With large
dv/dt, the driver internal capacitor will be discharged, cauamgnstable voltage on the driver
input signal. By adding an external capacitor, the oscillation of the gighal can be

suppressed significantly.
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CHAPTER 4 High Frequency Soft Switching Topology

4 1. Introduction

As proved above, the proposed SiC MOSFET module has the capability of switching
at multi megahertz switching frequency. The tamswitching loss is inetable.Thus, the soft
switching topologies should be chosdime switching frequency could be pushed to above
several hundred kilohertz or beyond 1 MHz by utilizing soft switching topologies with low
Qoss (Cosy WBG devicesMegahertz operation of isolat&iC/DC converters based on high
voltage SiC has not been reported.

In terms of the isolated converter topologies, the asymmetrical half bridge converter,
phase shift full bridge converter and LLC resonant converter are three typical soft switching
topologes. The soft switching of the asymmetrical half bridge converter and phase shift full
bridge converter both depend on load condition and the leakage inductance. Comparing with
phase shift full bridge converter, the asymmetrical half bridge converteohgdementary
gating signals whose duty cycles are no larger than 0.5. As the energy is transferred directly to
the output, there is no short circuit state in the asymmetrical half bridge converter. The phase
shift full bridge converter can be adopted toerca wider power range. A SiC MOSFET based
phase shift full bridge converter for vehicle onboard charger has been demonstrated at 6.6 kW
and 200 kHz 45]. The problem of this topology is that the soft switching is hard to maintain
in light load conditionswhich limits the further increase of the frequency. The soft switching
condition in LLC resonant converter is independent of the load condition. By properly

designing the magnetizing inductance, the soft switching could be realized over the full load
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range, which makes the topology more attractive in high frequency applications. The frequency
limitation is limited only by the performance of the transformer. The LLC resonant converter
has already been adopted in many applications including lower pow&¥j<bknputer power
supplies. However, the research of high voltage megahertz frequency applications is rarely
reported.

The asymmetrical half bridge converter, phase shifted full bridge converter and LLC
resonah converter are shown in Figurel4 Device Iss is one of the dominant parts of the
converter efficiency. The device loss is consisted by conduction loss, switching loss and
reverse recovery loss:

— *
PFET - PCOND k +Psvv_ ON Psvy OFF P"Q

(4-1)

Thek factor is the coefficient of conductionsl®relating to circulating current and duty
cycle loss, which could be minimized by adopting proper topologies. The turn on switching
loss and reverse recovery loss could be eliminated by zero voltage switching control. By
adopting the proposed integratéitC MOSFET module, the turn off switching loss could be

minimized. Lower turn off current could lead to lower switching loss, which could be

negligible if the current is lower tharcritical value.

sk sk sl

T ¥ ik sid

a) Asymmetrical half bridge aoverter

95



1 .5} ik sl

[
TAT

[
TAT

} Sﬂ} sfek sk

b) Phase shift full bridge converter

§ s

<
il
o
Tt
.
o
TAT

= gﬂ} (o EE} EE}

¢) LLC resonant converter

Figure4-1 State of the art soft switching topologies

4.2. Asymmetrical half bdge converter

Asymmetrical half bridge converter is consisted by a half bridge in the primary side of
thetransformer, and a full bridge inverter in the secondary side. The gating sigsalsnof
S are complementary, synchronous rectification is redlifg the four switches ofhe
secondary side. Zero voltage switching could be realized for all the switches in asymmetrical
half bridge converter. The transfer function of this topology is:

V, =2(1 -D) DOn \p (4-2)
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Figure4-2 Waveforms of asymmetrical half bridge converter

D is the duty cyclen is the turns ratio of the transform#&f; is the input voltageys is

the output voltagelhe key waveforms of the asymmetrical half geadtonverter are shown in

Figure 42. VS, andVS are the gating signal for the primary side switch&g,is the drain

source voltage o0& ILmis the current of magnetizing inductante,is the current of filter

inductor.

Interval 1,to ~ t;, Siis in on statesandSsare on for the synchronous rectification. the

power is delivered directly from primary side to secondary side, the leakage inductor and filter

inductor are charged. The voltage on filter indudtyis:

V,=nl -D)\V, V.

(o]

(4-3)
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lg=1,, Al (4-4)
Interval 2,t1 ~ o, S turns off, the energy stored in leakage inductor starts to discharge
and resonant with the parasitic capacitancg& @hd< to realize zero voltage switclgnVik
is the voltage on the leakage inductancthefransformerThe switches of the secondary side

are freewheeling, decoupling from the primary side. In this period,

Vi = DY, (4-5)
V,= V, (4-6)
Iz =11 (4-7)

Interval 3,t> ~ t3, atty, S turns on, the deadtime is over. The primary side and secondary
side still decouple until the current of the leakage inductor is discharged load current.

Interval 4,t3 ~ 1, atts, the leakage inductors is charged, the primary side couples with
the secondary side. Thus the converter is back to the normal power delivery mode, which is
the same as interval 1.

V., =nbV, -V (4-8)

o Tim (4-9)
Interval 5,t4 ~ t5, S turns off, the energy stored in leakage inductor discharges to help
zero voltage switching &. Similar with interval 2,lie primary side decouples with secondary
side, the secondary side is freewheeling.
Interval 6,ts ~ t5, S turns on, similar with interval 3, the energy starts to delivery to
output when the current of leakage inductor charges to the load current.

The RMScurrent is calculated as:
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Y PP n@- D)V, v, ¢ B)DV,T.y. 4-10
IrmS_AHB \/n Io -(nDTSW 2\/5'.0 2\/_3_"‘ ) ( )

To achieve the soft switching, the energy stored in the leakage inductor should be
enough to charge the parasitic capacitance of the primary switches, thus the leakagesductan

shauld satisfy

2
L|k 2 ZCos,sVin (4_11)

e

Cossis the parasitic capacitance of the switchegsis the switch current at the turn off
transient. According to the analysisirohg the switch transition fror§; to S, the polariy of
the transformer current needs to be reversed. The primary side of the transformer is shorted
and decoupled from the secondary side. The energy in leakage inductance is fed back to the
source, which generates extra conduction loss without effectitikiyng the duty cycle. This
intermediate status causes duty cycle loss. The duty cycle loss of asymmetrical half bridge
converter is:

onlL, . 2nlL,
\/lnTsD \/st(l_ D)

(4-12)

In order to realize soft switching in (13), the leakage inductancesrtedak large in
light load condition, thus, the duty cycle loss will increase. The soft switching would be
compromisd to reduce the conduction loss of the converter. To evaluate the turn off loss of

switch, the turn off current of the primary side switsh

DA-DNo Ny (@ DIDYT (+-13)
2L, Lo

(0]

sw_p (Io
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Vin, Vo andl, are fixed with the applicatiom,andD are also fixed, thus, the duty cycle
loss is depending on leakage inductalngcand switching frequencis, the turn off current of

aswitch is dependig onLm andcycle periodTs, which is the reverse of switching frequency.

4.3. Phase shift full bridge converter

As shown in Figure 4, phase shiftedull bridge converter is consisted by twe H
bridge converters on each side of the transformer. Thagyaignals ofS and S are
complementary with duty cycle as 0.5, the gating signats ahdS; are also complementary
with 0.5 duty cycle, which has phase shift witls andS. All four switches could have zero
voltage switching.& ~ S in the secondry side are synchronous rectifier switches, soft
switching could also be achieved. As there are four active switches on the primary side, the
phase shift full bridg&éasshort circuit mode and power delivery mode. The transfer function
of phase shift fulbridge converter is:

V, =D DV (4-14)

The key waveforms arghownas Figure 43.
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Figure4-3 Waveforms of phase shifted full bridge converter

Interval 1,to ~ t1, S turns off, the energy stored in leakage inductors is released to
charge the parasitic capacitancesgfwhich helpsthe zero voltage switching. The secondary

side is freewheeling and decouples from the primary side.

VLo = Vo (4-15)
Vi = M (4-16)

Interval 2,t1 ~ t, deadtime is oveand & turns on, the secondary side is still

freewheeling until the current of the leakage inductor is chargedsetguialad current ds.
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Interval 3,t> ~ t3, the converter is working in the power delivery moGeand& are
on,S andS are on to work as synchronous rectifier. Both of the leakage inductor and output
filter inductor are charged.

V,=nd -D)V, V (4-17)

lg=ly F ., M (4-18)
Interval 4,t3 ~ 4, S turns offat the peak current, the energy stored in leakage inductor
releases to charge the parasitic capacitanc® wf realize softswitching. The output filter
inductor is discharged by the output voltage.
V,= V, (4-19)
Interval 5,t4 ~ t5, S turns on with soft switching, the converter works in short circuit
mode. The current of the prary side switch couples with the secondary side.

s2

e Al I (4-20)

The second half switchingeriod from ts ~ tio is symmetrical with the first half

switching period. The RMS current is calculated as:

Irms_ PSFB:\/nZI 2 _(n(n\/ln - \é) D-I;W _\'|J/r'| Z_-EW)Z (4_21)

’ NER 43

According to the operation principle, there are two transients for soft switching. During

the first transient from short circuihodeto power delivery mode d#, the energy stored in

leakage inductor id,12,/2, I, is the turn off switching current. During the second

transient from power delivery modetatthe switch turns off at the peak currdgj,, which
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makes the energy stored in leakageutdr L, 12,/2. As |, >1,, , the soft switching of
the first transient should be guaranteed. Thus, the leakage inductance should satisfy:

2C. V?
L|k __—o0ss”In (4_22)

I 2

According to the anals, the soft switching transient is frapr t> andts ~ t4 during
each half switching cycle. During ~ t, the primary side and secondary side is decoupled.
Similar with asymmetrical half bridge converter, there is circulating current in primary and
secondary side, generating extra conduction loss. The duty cycle loss could be calculated as:
\Y/ (1 D)

2nL,, (21, - =)

DD = L, (4-23)
Vin T

n

To evaluate the turn off switching loss, the switch currenfadnd S; at the first

transient is the peaturrentl,,, the switch current db andSs is the peak current,,, .

nv. - V. Vi
I, =n(l, 40" Ypry & pT 4-24
swil ( o 2L0 s) 4I—m < ( )
I, =n(l, M Vepr V(12 2 -DT, % DT,  (4-25)

4.4. LLC resonant converte

The LLC resonant converter is shown as Fig. 48 (c). A resonant tank consisaing by
resonant inductor araresonant capacitor is used for generating resonant current to assist soft
switching. Different with the previous two topologies, LLC resonant edrv could realize

soft switching in the full load range. The soft switching energy is mainly determined by the
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magnetizing inductance but not the leakage inductance. Thus, the resonant inductor could be
realized by leakage inductor of the transformerewfb= f;, the LLC resonant converter could
achieve unity gain. The key waveforms of the LLC resonanverter are shown as Figure 4

4,

Interval 1,t0 ~ t1, S is on, the power is delivered directly from primary side to
secondary side. The magnetizingduictor is charged by the output voltage. The resonant
inductorL, resonants wittC, until the current of leakage inductor equals to the magnetizing
inductor.

V,,=V,/n (4-26)

Interval 2,t1 ~ b, S turns off, at the same poihin = I.k. ThenL:, Lm andC; form a
resonant tank. The energy stored in magnetizing inductor helphargethe parasitic
capacitance of the switch to realize soft switching. The intervial-3t§) and interval 4t¢ ~
t4) issymmetrical with the first h&bwitching cycle The conduction loss is mainly determined

by the RMS current.

_ Ve [20'RT o - ]
Irms_p - 8nR_ \/ I-i., -810 (4 27)
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Figure4-4 Key waveforms of LLC resonant converter.

Thecirculatingcurrent in LLC resora converter could be calculated as:

DD =arcsin Vin T ) (P (4-28)

m' rms_ LLC
The turn off current of the primary switch is mainly determined by the magnetizing

inductancavhenfs= f::

IR (4-29)

The larger th&.m is, thesmaller the RMS current and the turn off switching current are.
However, due to theequiremenbf soft switching, the value of Lm has an upper limit. For

LLC resonant converter, the energy stored in magnetizing inductance is used to charge
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parasitic capatance of the primary side MOSFET. Thus, the magnetizing inductance should
satisfy:

Tstdb
16C

0ss

L ¢ (4-30)

4.5. Topology comparison

According to thdopdogy analysisand comparisora prototype is designed for 800V
to 400V isolated DC/DQ@onverter in megahertz applications. By calculating the duty cycle
loss, RMS current and turn off switching current at 1 MHz, the comparison results are shown
in Figure 45. The duty cycle loss is calculated on the condition to realize soft switching. Thus
in the light load range, the duty cycle loss is relatively large for asymmetrical half bridge
converter and phase shifted full bridge converecording to the comparison, considering
the RMS current and duty cycle loss, the LLC resonant convertehédswest conduction
loss. The switches are all switching at 800V, the LLC resonant converter has the lowest turn
off current, which is very beneficial for the megahertz frequency applications. Overall, LLC

resonant converter has the lowest device losisisnapplication.

RMS Current Comparison @ 1 MHz
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(a) RMS current comparison
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Duty Cycle Loss @ 1 MHz
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(b) Duty cycle loss comparison

Turn Off Current @ 1 MHz
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(c) Turn off current comparison
Figure4-5 Comparison of the three topologies

For 1 MHz 800V to 400V 4.5 kW converter, tbemparison igarried out as shown in
Table 41. For the LLC resonant converter, the duty cycle loss anBN@ current is lower
than the other two topologies. Meanwhile, the turn off current is significantly smaller than the

other two converters, whiahake it more beneficial for the megahertz frequency applications.
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Table4-1 Comparison at 1 MHz, 800\M00V converter at 4.5 kW

Topology Duty cycle loss lims b
Phase shifted full 4% 11.7A 16 A/11A
bridge converter

Asymmetrical half 10 % 126 A 12 A
bridge converter
LLC resonant 4% 12.8A 9A
converter

4.6. Conclusion

In this chapter, three typical soft switching topologies asgtrnical half bridge
converter, phase shifted full bridge converter and LLC resonant converter are analyzed. The
operation principles are analyzed in details. The conduction loss, switching loss and duty cycle
loss are analyzed armbmpared. In the powermge of6 kW, the conduction loss of LLC
resonant converter is slightly higher than the other two topologies. However, LLC resonant
converter has less duty cycle loss, which is the circulating current conduction loss in the
primary side, which makes the a@hrction loss of LLC similar with the other two topologies.

In the light load condition, in order to have smaller duty cycle loss and maintaining the power
transfer, the soft switching needs to be compromised for asymmetrical half bridge converter
and phaseshifted full bridge converter. LLC resonant converter has load independent soft
switching capability, which makes LLC able to realize soft switching in the full load range.
The smaller turn off current enables the integrated SiC MOSFET module posplerate

below the lossless switching current boundary, which is very beneficial to the system
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efficiency. Overall, the LLC resonant converter is chosen as the most suitable candidate for

the high frequency high voltage converter in this dissertation.
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CHAPTER 5 A High Frequency Transformer Design and

Optimization

5.1. Introduction

Above analysis shows that ti@egratedSiC MOSFET can achieve zero switching
lossin soft switching topologiegnablemegahertz frequency mgh voltage power electronics
convertersin order to improve the power density, the frequency can be pushed to several
hundred kHz or megahertz range especially if advanced power devices such as the SiC
MOSFET is used. The high frequency high voltage transformer is a key component in
converters tht provides galvanic isolation and power conversion. However, optimal design of
the transformer is a grand challenge which must consider magnetic core material, core and
winding loss, and transformer thermal performance.

Take electric vehicle applicatiofr example, the high engine temperature and limited
space in vehicle require the on board charger to have higher power density, less power loss and
capability to withstand higher ambient temperature. The on board charging system is typically
formed by aectifier stage and DC/DC converter stage. It is well known that higher switching
frequency has the benefit of reducing the size of passive components, such as EMI filter,
capacitor and isolation transformer. Soft switching topologies and control schenfiedtzer
utilized to ensure the low switching loss, enabling several hundred kilohertz to megahertz
switching frequency. Significant research has been made on the optimization of the high

frequency power transforme64-70]. The loss model and charactics of different core
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materials in high frguency range are analyzed in [64]. For the winding los$ gigposed the
formula of the optimized dimension of foil or layer thickness with arbitaryent waveforms.
However, [6% did not analyze the mulgtrandLitz wire, which is most commonly adopted in

the high frequency range. The optimal strandsitafwire is calwlated by Ferreira method in

[66]. According to[67], Ferreira method is more suitable to calculate the loosely packed wire.
For closely jacked wires, the Dowell method is more accurate. On the other hand, the
temperature performance also plays an important role as it is closely related to the permeability
of the core. A complexhermal model is proposed in [EZhe thermal impedance of dac
strand in wire bundle is calculated from tangential, orthogonal, orthocyclic and radial contact,
which makes the thermal model too complex to apply. Alegy few literaturfocus on the
comprehensive design method to achieve the p#m@bo of the trasformer including thermal
design. A more comprehensive design method is needed to consider every aspect of core,

winding and cooling system to achieve high power density with high efficiency.

5.2.High frequency magnetic materials

The transformer for adif bridge LLC resonant converter is designed as an example.

The Steinmetz equation is conventionally used to evaluate the core loss:

R, =k & BY (5-1)

P, Is the core loss per unit volumé,is the switching frequency in HB is the peak
flux density.k, a and p are the coefficients relating to materiadg.is the cross section area

of the coreThe peak flux density is determined by:
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Several ferrite materials can be suitable candidates for high frequency appbcat

according to Figure-& [75] and Figure 2 [77).
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Figure5-1 Ferrite material comparison.
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Figure5-2 High frequency magnetic materials.

The MnZn ferrite materials 3C9, 3F4, 3F45 from Ferroxcube, P61 from ACME and
NiZn ferrite material 67 from Fairite are considered candidates in the dissertation. The

permeability of the MnZn core material 3F4 [63] and NiZn core material 67 [64] are shown in

Figure 53.
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Figure5-3 MnZn and NiZn materials permeability vs. frequency
5.2.1 NizZn ferrite core material performance
The permeability of the MnZn core 3F4 is much larger than that of the NiZn core

material 67. The inductance of a transformer can be calculated as:

2
L= nwlm/%

e

(5-3)

nw is the number of turns, is the core permeabilitys is the core magnetic path length.
The inductance is proportional to the permeability. Thus, for NiZn core material 67, the
inductance is much smaller than the MnZn core 3F4. For LLC resonant converter, the

magnetizing inductace has an upper limit, as the energy stored in magnetizing inductance
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needs to be large enough to realize zero voltage switching. The upper limit of the magnetizing
inductance is list in formula {80). By using the NiZn material, the transformer doeseed
to have air gap to reduce the magnetizing inductance, which reduce the fringing effect loss of
the transformerAnother advantage of the matrix transformer is that the leakage inductance is
larger than the MnZn core. Thus, it is not necessary fexsernal resonant inductor which is
normally required as MnZn cores cannot provide a large enough leakage inductance.

The toroid cores are used in the transformer. To make the transformer easy to
customize, the matrix transformer structure is adopted mbeematrix transformer structure

is firstly proposed in [65]the concept is shown in Figured5

Corel Core2 Cores3 ....... Core N

Core2N ... "Core N+1

Figure5-4 Concept of matrix transformer

The transformer is consisted by N pairs of identical toroid magoates, and winding
area is the inner area of the toroid cores. There are four sets of NiZn transformers with different

parameters for test in high frequency high voltage converters. The parameters of the

transformers are listed in Tablel5
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Table5-1 Parameters of the NiZn Matrix Transformer

Features Pairs of cores Number of primary winding turns
Standard 7 3
Shielded 7 3
Standard 7 4
Standard 9 3

Theturns ratio of the transformer is 1:1, which metimessecondary winding turns are
as the same as the primary side winding turns. The winding used in this transformer is # 44

Litz wire. The picture of the transformer setshown in Figure 5.

Figure5-5 NiZn material 67 matrix transformer sets

The transformer is connected in a half bridge converter, with secondary side open to
test the core loss. With the primary side acts as inductive load, the converter works in zero
voltage switching mode. The testwedorms of the first set (6 pairs of cores, 3 windings) are
shown in Figure . The converter is operating at 800 V, the transformer voltage stress is
400V, with peak current 7.4 A, at 1.9 MHz switching frequency. The transformer works
normaly in the first 4 minutes, and suddenly have thermal runaway after that. The edge core

has significant temperature rise to above €50as shown in Figure-B.
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Figure5-6 Test waveforms of the NiZn material 67 in high voltage high frequency operation
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Figure5-7 Thermal runaway problent the NiZn material at high voltage

The same problem happens in the other sets of matrix transformers, under different
switching frequency or voltage stress, the transformer cannot achieve stable operation. One
possible reason is the parasitic capacitape®veen the winding and cores introduces a
significant circulating current in the core. The solution is to put a copper shielding between the
winding and core. Another possible reason is the flux density of the edge core is higher than
the other cores, tlsi which makes the voltage on the edge core unbalanced. The sofution
this problem is to use a saft washer on the edge cores, to have larger clearance between the

edge cores and windings. The two solutions are shown in the second core in f5gure 5
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However, the four sets of NiZn matrix transformers cannot operate above 700V, which
is 350 V primary side voltage stressthetransformer. The thermal runaway conditions of the

four sets of NiZn matrix transformer are listed in Tab 5

Table5-2 Thermal runaway conditions for four sets of transformers

Features # cores # primary Max voltage | Peak current fsw
winding turns

Standard 7 3 740V 9.2A 1.3 MHz

Standard 7 3 800V 7.4A 1.9MHz

Shielded 7 3 800V 8.2A 19 MHz

Standard 7 4 650V 8.4A 1.3MHz

Standard 9 3 620V 7.9A 1.3MHz

As can be seen in the table, increasing the pairgresanakes the maximum operating
voltage even lower. Increasing cross section area is to reduce the flux density, given this
experiment, and the capability of NiZn material 67 features in Fige2ethe transformer is
not saturated. More research is needed to explore the reason NiZn material 67 cannot handle
high voltage applications.

MnZn ferrite core material performance

The Mnzh ferrite cores are evaluated then. The planar E cores are chosen in this
dissertationAn assumption is made that the cross section area of the transformer relates to the

volume accorithg to different core shapes [33

V,=y & (5-4)

117



Thus, bringing%-4) and (52) to (51), the volume of the transformer is relating to the

switching frequency:

V. = ( I?:ore)ﬁ @% fcc(sbf (VDVQ)%J
e Kk s AN (5'5)

p
Four MnZnferrite core materials 3C96, 3F4, 3F45 and P61 are analyzed to lshow t
impact of high frequency to the volume of the transforifilee. parameters of the four materials

are listed in TableB.

Table5-3 Material parameters

Ferrite Frequency Range (kHz k a b
3C96 200500 4.60x10° 2.5 2.75
3F4 400-1000 5.80x10° 1.8 2.9
3F45 500-1000 2.0x10 1.29 2.75
3F45 10062000 3.0x1012 2.9 2.6

P61 200- 2000 3.86x107 2.14 3.13

With the switching frequendyigher than 1 MHz, the volume of the transformer is not

significantly depending on the switchifigegquency.At above 1 MHz switching frequency,

3C96 has the largest core volume. With the same core loss and frequency, the volume of 3F4

and 3F45 could help amtaining dow-profile core in high frequency range larger than 1MHz.
Given the limited shape availability of the 3F45 cof#4 and P61could be chosen for the

high frequency transformer around 1 MHz.
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Figure5-8 Core volume vs. switching frequency

5.3. Trandormermodels

5.3.1 Core loss model

The core loss is calculated by Steinmetz equakonthe LLC resonant converter, the

excitation current is sinusoidal, so the standard Steimetz equation i® usdculate the core

loss The formula of Steimetz equation is shown iAlf5 The core loss is related to core

materials, core shape, switching frequeritbgnumber of turns etc.

5.3.2 Windinglossmodel

For high frequency transformer, closely packedlti-strandsLitz wires are used to

avoid the skin effect. The ac resistance to dc resistancelatziveires is calculated according

to Dowell model:

F_R is the AGto-DC resistance ratio given by the Dowells equation, whichvsmi

by:
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e - e 2sin(2X) 2X g 1& € 2sin@2X)

F_R= XeZX +e?* -2cos(2X) 3 & € 2cos(2X (5-6)
X = \/Edwire (5_7)
dwire
p is the layer of the.itz wire, q,,. IS the skin depth of thkitz wire, andd,,is the

diameter ofthe Litz wire. Two wires are winded in parallel for primary side, single wire is

winded for secondary side. The dc resistancelalyerLitz wire is:

4rln
R =——;
P P

(5-8)

r is the resistiviy of the copper conductol,is the effective length per turn of the
winding, n is the number of strands Ltz wire bundle. Thus, the ac resistance of Ltite
wire and the winding loss is

R.=F & (5-9)
Pare = lms B RE (5-10)
In order to minimize the winding loss, the winding should fill in the bobbin. If not, the

design could be improved by increasing the strands dfithavire by M while decreasing the

strand diameter by/<m [52]. The outside diameter of the litz bundle is:

o = [Fbh
! N (5-11)

F.is the turapacking factor of the windingdy, is the bradth of the bobbink,is the

height of the bobbin. Considering the bundle packing insideithevire bundle, the diameter

of each single strand is:
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