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Abstract

The dissertation aims to improve the efficiencyttoke-phase converters using SiC power
devices. The methodology to design a high efficyealt SiC three-phase converter is presented.
Four aspects are included: SiC power device evaluapower loop parasitics analysis, high

efficiency current source rectifier, and paralletedrent source rectifier system.

The SiC JFET and MOSFET are tested based on vokagece and current source
structures respectively. The dissertation propasgsvice switching test circuit based on current
source topology to simulate current commutationcesses. The circuit can evaluate the
switching performance and calculate switching loésa power device used in a three-phase

current source converter.

The impacts of power loop parasitics on SiC devisestching performance and switching
loss are studied. The power loop parasitic indwgan a voltage source converter may cause
phase-leg shoot-through during a fast switchingsient. The key inductances include power
device gate loop inductance and converter DC budsictance. The influence of different
parasitic capacitances on device switching losghiee-phase current source converters is
analyzed. An inductive snubber circuit is proposededuce the impact of parasitic capacitance

and reduce power device switching loss in a thieese current source rectifier.

The design method and procedure of high efficietmcge-phase converters are proposed
through the development of a 7.5 kW all-SiC thrbeage current source rectifier for data center

power supplies as the front-end rectifier. Theifiectfull load efficiency of 98.54% is obtained.

Master-slave control is proposed for parallelece¢hphase current source rectifiers. The
balanced output currents, rectifier module hot-sveaqa paralleled rectifier system redundancy



can be achieved with this master-slave control. 94V front-end rectifier system using three
paralleled all-SiC current source rectifiers is eleped for data center power supplies with 98.3%

peak efficiency and 98.1% full load efficiency.
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Chapter 1 Introduction

1.1 Background and Motivation

Electricity consumption continues to grow in theitdd States and worldwide. As shown in
Figure 1-1, the electricity consumption of the wlowas 10,097 TWh in 1990 and increased to
19,016 TWh in 2011, an 88.33% increase in twenty years. At the same time, the electricity
consumption in the U. S. increased from 2,713 TWB,852 TWh, a 41.05% increase over the
same period[1]-[3]. As a result, high power coni@arsfficiency becomes one of the key topics
for the continual development of power electrona®verters in many application areas,
including power supply systems (Uninterruptible Rovsupply (UPS), Power Supply Unit
(PSU), etc.), transportation systems (electric gbrid electric vehicle/ship/aircraft), and
renewable energy systems (photovoltaic invertetesys, wind turbine systems).Figure 1-2
shows the improvement of power conversion efficjeat full load (rated power) of telecom
power supply modules and photovoltaic (PV) invesgstems [4]-[5], whereq is the converter

efficiency.

The low efficiency of power converters(the high movioss) will result in high utility bills,
large environmental footprint, low reliability, arshort lifetime of equipment [6]. In addition,
higher power loss, which means more heat, requie efforts on a converter’'s cooling system
and increases the volume of the converter. Thatbaiihg challenges to the design of converters
which will operate in harsh environment of high parature or require high power density in
vehicles and aircraft. For example,hybrid vehiclese two separate liquid cooling systems
currently. One is the 105 °C engine coolant, areldther is the 65 °C coolant to cool power
electronics and electric machine for the tractiome]7]-[8]. A coolant temperature requirement

1



of 105 °C has been established for 2015 by Freedd®énd Fuel Partnership Program under
the U. S. Department of Energy (DOE) to reducecbs& and complexity[9]. This requirement

brings the issues to be solved not only in themmahagement but in loss reduction as well.

From Reference [1], the power loss, including th&sés on power distribution and power
conversion, is 489 TWh in U. S. and 2990 TWh in thkole world. Take the energy
consumption of data and telecommunication centess aa example. The data and
telecommunication centers are major energy consymeth energy consumption estimated at
40 TWh in 2005 in U. S. alone, and 120 TWh worldsyids shown in Figure 1-3[10]. A very
large data center requires on the order of 10 MWpoifver to support the computing
infrastructure, and this is expected to increasBXdMW in the future. In a typical data center,
less than half of the power is delivered to the poter load (microprocessors, memories, disk
drives, etc.). The rest of the power is lost in powonversion, distribution, and cooling [6]. It
has been shown that the capital cost of the powkvely and cooling infrastructure in data
centers already exceeds the purchase price oktliers they will support. In addition, it is also
expected that the lifetime energy costs of a seméexceed its purchase in the future [11]. The
total electricity bill for operating those servexsd associated infrastructure in 2005 was about
2.7 billion dollars and 7.3 billion dollars for thé.S. and the world, respectively [10]. So for
power electronic researchers, more efforts nedsktdone to reduce the power conversion and

power distribution losses, and achieve higher iefficy converters.
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Figure 1-1. Electricity consumption from 1990 tdl2q1]-[3].
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Figure 1-2. Development of power conversion efficigat full load of telecom power supply
modules and PV inverter systems [4]-[5].

The loss of power converters essentially is fronre¢h areas. There are power

Year

(b) United States

semiconductors, passive components, and auxiliggstesis. The

semiconductors’ losses is the key point of achig\nigh efficiency power conversion because
this part of the loss is the dominant part of thtaltlosses in a power converter. Development of
power devices is a critical aspect of the powectsbaic applications along with new topologies

and control techniques. Wide bandgap (WBD) deviocesking inroads into the power

3
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semiconductor device market brings a revolutiondrgnge in the power electronics in a few

decades. Silicon carbide (SiC) is one of the WB@enm based devices.
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Figure 1-3. Total electricity use for servers ip th.S. and the world in 2000 and2005, including
the associated cooling and auxiliary equipment.[10]

SiC power electronic semiconductors provide higkakdown voltage, fast switching, low
on-state resistance, and high temperature tolerd&roen the loss and efficiency point of view,
low on-state resistance leads to low conductiors lof power devices, and fast switching
provides the possibility of the reduction of dewcewitching loss. Meanwhile, SiC power
devices play an important role in high switchingdguency applications without significant
reduction on the efficiency.Figure 1-4 compares gpecific on-state resistance of SiC power

semiconductors to traditional Si devices. The athga of SiC devices are clearly shown in
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Figure 1-4[12], [16]. Reference [13] gives a conmgam of performance of the all-Si, hybrid (Si
and SiC), and all-SiC inverters for a hybrid electvehicle (HEV) at different operating

conditions, based on their simulation and lossutaton. The comparison results in Table 2-1
provide an insight to the impact of SiC devicesogarall system efficiency gains compared to Si

devices.
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Figure 1-4. Specific on-state resistance vs. ratecking voltage for different power devices
(for IGBTSs: relation of forward voltage drop toedtcurrent) [12], [16].

This work focuses on the three-phase ac converause they are widely used in various
power electronics application areas, such as tiepsupply system, the electric transportation
system, and the renewable energy system. Althaughciear based on the analysis above that
SiC power semiconductors could help reduce powssese of the converters, the implementation
of the SIiC devices in high power three-phase cdex@emains a challenge due to lack of

experience.The overall system performance and #nables of the all-SiC converters are far
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from well understood. More work on design and asialyare needed for all-SiC three-phase

converters for high efficiency applications as wek the hardwareimplementation and

verification.The literature review in Chapter 2 Wshow thestate-of-the-art status of related

research for SiC power semiconductors and higltieffcy three-phase converters, which will

help todefine the challenges and research objectféis work.

Table 1-1.Comparison of inverter efficiencies bagedlifferent power devices[13]

Switching Frequency
10 kHz 20 kHz
Temperature Inverter Efficiency (%)
Si SiC Hybrid Si SiC Hybrid
70 °C 95.10 97.10 96.00 92.20 95.70 93.82
105 °C 94.50 97.00 95.80 90.70 95.60 93.52
Temperature Inverter Energy Loss (kJ)
Si SiC Hybrid Si SiC Hybrid
70 °C 771.68 458.57 627.52 1280.7( 681.69 997.23
105 °C 879.42 468.22 663.72 1552.3( 691.82 1049.00

1.2 DissertationOrganization

This work provides the methodology and deals wité telated issues of high efficiency

three-phase ac converter’s design and developnsng &iC power devices.The chapters are

organized as follows.

Chapter 2 reviews the research activities in theesponding areas of high efficiency three-

phase ac converters and the development statudi@dnSCarbide (SiC) power devices and
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modules. Based on the review, the research chatemgthese areas and the objectives of this

dissertation are pointed out.

Chapter 3 develops and evaluates a SiC JFET amttigtbarrier diode (SBD) based six-
pack power module for three-phase voltage sourceesters in wide temperature range. In
addition, the effects of package parasitic indutaon SiC JFET behavior and converter
efficiency are analyzed. Finally, a three-phasdaga source converter based on this power

module is tested, and 98.5% efficiency is obtained.

Chapter 4 studies the performance of a SIC MOSH&I $BD when they are applied in
three-phase current source converters. The doub$e pest (DPT) circuit based on a current
source circuit is developed to evaluate their dvintg behaviors. In addition, the effects of
parasitic capacitance on power devices’ behaviorhiee-phase current source converters and
converter efficiency are discussed. To reduce theep device switching loss, an inductive

snubber is proposed for current source conventeitsis chapter.

Chapter 5 designs and develops a 7.5 kW three-phasent source rectifier as the front-
end rectifier in high voltage DC architecture de¢mter power supplies, using commercial SiC
MOSFETs and SBDs. The methods of devices’ paralielnumber selection, switching
frequency selection, modulation scheme, and fdesign and loss minimization are presented.

The converter efficiency of 98.54% is achievecdhia éxperiment at full load.

Chapter 6 proposes a master-slave control for lpedlthree-phase current source rectifiers
to balance the output currents. A 19 kW front-eectifier system, based on three paralleled all-
SiC rectifiers designed in Chapter 5, is develofoediata center power supplies. With proposed

master-slave control, the rectifier module hot-swag (2+1) system redundancy are achieved.



Chapter 7summarizes the work in this dissertatowl, points out the future work in related

areas.



Chapter 2 LiteratureReview

This chapter reviews the research activities indbgesponding areas of high efficiency
three-phase ac converters, and the development stétSilicon Carbide (SiC) power devices
and modules.The research challenges and objectregsroposed next to identify the originality

of the work.
2.1 Silicon Carbide (SiC) Power Devices and Modules

2.1.1 SiC Power Devices

Since the early 1990’s, the silicon (Si) IGBT hasei the power switch of choice in
industrial applications. The following developmentSi IGBT technology has further enhanced
the IGBT performance[14]. With increasing global prasis on energy efficiency, improved
power devices are critical to the development @& tlext generation of power conversion
systems. The development of wide bandgap (WBG) posemconductors are making a
revolutionary change in power elctronics. Silicarkgde (SiC) is in the forefront amongst the
WBG material based devices. SiC power devices @gpeated to replace the Si devices in high
voltage, high temperature, and high frequency appbns because of their advantages of high
breakdown voltage, fast switching, low on-stateéstasce, high temperature tolerance, as well as
high thermal conductivity. The key material propestare listed in Table 2-1 for main WBG
semiconductors compared with Si, the most usedriabile power electronic devices, and GaAs
which is mainly used for very high frequency apgiions [15]. SiC device technology has
matured over the past few decades and is transidnom research to commercial production.

The main SiC power device products are rectifieseld on Schottky or junction barrier diodes.



A few companies are offering active power devicesvall.

Table 2-1.Physical properties comparison of sendaotors[15]

“Classical” Wide Bandgap Semiconductors
Semiconductors
Si GaAs | 3C-SiC| 6H-SIC 4H-SiC GaN Diamond
Bandgap Energfy (eV) 1.12 1.4 2.3 2.9 3.2 3.4 5.6
Electron Mobilityp, 1450 | 8500 1000 415 950 2000 4000
Cuass)
Hole Moblilit¥ TR( A 450 400 45 90 115 350 3800
S7)
Critical Electric FieldEc | 3x10° | 4x10 | 2x10 | 2.5x16 | 2.2x10 | 5x1¢ | 1x10
(V-cm?)
Saturation Velocitwsyy | 1x10 | 2x10 | 2.5x10 | 2x10 | 2x10 | 2x10 | 3x10
(cm-sY
Thermal Conductivityt 1.3 0.5 5 5 5 1.3 20
(W-cmt-K-)
Dielectric Constant; 11.7 12.9 9.6 9.7 10 8.9 5.7

The specific on-state resistan®e ps Which tells directly how much resistive loss aide

generates in the forward conduction mode, is thekeperty for power devices. TH&nspiS

usually given in recn’ and can be calculated from (2-1) below [16]

VK
E44,E2

Ron,sp = (2'1)

where/g denotes the breakdown voltage aBd is the critical electrical field.Figure 2-1
schematically illustrates the electric field distriion in a one-sided abrupt junction for SiC and

Si at the same breakdown voltage [17]. SinceBhef SiC is about 8~10 times higher than that
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of Si, the advantage of using SiC devices can biyamderstood.

A
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Figure 2-1. Schematic illustration of the electr&d distribution in a one-sided abrupt junction
for SiC and Si at the same breakdown voltage [17].

In Si, unipolar devices (mainly Schottky barrieodit and MOSFET) are not considered for
operating voltage above a few hundred volts, berafstheir increase in resistivity. SIC,
however, offers a much lower resistivity to makepotar devices a sensible choice for high
voltage [15].Figure 2-2 shows the major applicatioh Si and SiC power devices in terms of the
rated blocking voltage. It is expected that SiCpotar devices will replace Si bipolar devices in
the blocking voltage range from 300 V to about 43Q0For ultra-high voltage applications

above 4500 V, SiC bipolar devices will be attraetj¥7].
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Figure 2-2. Major applications of Si and SiC powevices in terms of the rated blocking
voltage [17].

A. SIC Schottky diode

SiC diode is the first commercial SiC power semdwmior and has been widely used in
many application areas, such as power suppliespmarives, and renewable energy systems.
The main SiC power device providers, like Infineemd Cree, are all provide commercial SiC
Schottky diodes with 600 V, 650 V, 1200 V, and 1AD0/oltage rating[18]-[20]. The main
advantage of the Schottky diode is the absencesxdrse recovery current during switching
which reduces the switching loss, hence it is bsgt0p increase the switching frequency which

significantly decreases the volume and weight oiveoters.
B. SIC MOSFET

The SiC power MOSFET is attractive. It operatesmally-off and with little demand on the

drive circuits. The drawback is its oxide layer pa®r reliability under high temperature [21]-
12



[22]. Commercially 1200 V SiC MOSFETSs are availatstan Cree with 24 A and 33 A current
ratings [19], and higher current rating (a few hwadAmps) devices are under development [23].
Even through the characteristics and performandedifterent SIC MOSFET products or
engineering samples are presented in many pulditgtimost testing has been limited to the
phase-leg in voltage source converters [24]-[26 BiC MOSFET performance in three-phase

converters, especially in current source converstiisneeds further evaluation.
C.SICJFET

Currently, SiC JFET is considered good candidatgiGfcontrolled switch. The 1200 V and
1700 V SiC JFETs are available by SemiSouth thesesy[20]. In 2012, SemiSouth provided
650 V SiC JFET. In addition, Infineon also offets own SiC JFET with 1200 V voltage rating
[27]. SIC JFETs exhibit small capacitances and tbas be operated at high switching speed.
From the reliability issue, JFETs are considereday promising since they rely primarily on
pn-junction operation and are not dependent omjtiadity of gate control dielectrics. Moreover,
they provide excellent high temperature operabjlig]. The main drawback of SiC JFETSs is that
they are usually normally-on devices, which requspecial care when designing gate drives and
converters to avoid phase-leg shoot-through. SemiSbas demonstrated normally-off SiC
JFETs. However, the operational threshold voltagegm is limited, the on-resistance is higher
because it is limited by the pinched off regiondatmey have a limited temperature of
operation[16]. The SiC JFET/Si MOSFET cascode #itrecis one solution for the normally-on
characteristic, where SiC JFET is packaged in &ozhes connection with a Si MOSFET to
provide normally-off operation [28]-[29]. Howevethe drawbacks of using this structure
includes: 1) effective on-resistance is increasgdswitching time and loss are increased, 3)

junction temperature is limited by the Si MOSFETD][3Although much work has been done on
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gate drive circuits [31]-[33], the characteristios normally-on SiC JFET still needs to be
investigated especially in voltage source phaseatedjconverters. The issues of further studies

include paralleling operation, package parastiod,tamperature influence, etc.
D.SICBJT

SiC BJT is also attractive as high-voltage switghitevices due to its low conduction loss
combined with fast switching. The BJT operationtive forward direction is beneficial for
reaching low on-state loss since the two builtimjynctions cancel each other, hence the on-
state loss is mostly dependent on the drift lagsistance and the substrate resistance [16]. In
addition, SiC BJTs have good performance for higimgderature application and are easy to
connect in parallel, since current gain decreaséstlaeir losses tend to reduce as temperature
increases [16], [34]. Increased complexity in drtueuit and certain base current in steady state

which causes high driving power are drawbacks atsH35]-[37].
E. Other SiC devices

Other SIiC bipolar switching devices such as thgrsstand IGBTs are attractive for very
high-voltage applications such as electric powangmission[17]. Reference [38] reports 6.2-
12.7 kV SiC gate turn-off (GTO) thyristors and theperation at 250 °C. Fabrication of 10 kV
SIiC IGBTs and the performance comparison with SIOQ®ETs have been reported [39]. In
addition, Cree has demonstrated both p-IGBTs al@B¥s with better performances than Si

IGBTs with half the voltage rating[16].

2.1.2 SiC Power Modules

An interesting issue is to assemble and packagéuthpower module based in SiC power

devices in order to take full advantages of SiCickssand increase power density as well. Since
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SiC diode is the first commercial SiC power seméwmtior and has been widely used, many
hybrid modules consist of SiC Schottky diodes andevices (Si MOFETs or Si IGBTS) are

commercially available [40]-[41].

In recent years, with the fast development of St@va switches, several works have been
done on the design, fabrication, and test of all-Bower modules. U. S. Army Research Lab
(ARL) has reported their SIC MOSFET power modukdsricated by Powerex, including single
switch module with 1200 V, 100 A rating in [42]-[#&nd phase-leg modules in [44]-[45] with
400 A and 800 A current rating respectively. Thghhcurrent rating is realized by paralleling
power devices of SIC MOFETs and SiC junction bar8ehottky (JBS). General Electric (GE)
has used internally fabricated 1200 V, 15 A SiC NKBF devices and 1200 V, 10 A anti-
parallel JBS diodes to form 150 A single switch miled[24]. In addition, Cree, GE, and
Powerex also present a 10 kV, 120 A phase-leg neogith SIiC MOSFETs and JBSdiodes in
[46]. Moreover, 1200 V, 20 A SiC MOSFETs and 1200BS diodes per switch, manufactured
by Cree, are used by Powerex to fabricate a duadlALBalf-bridge module evaluated in high
temperature pulse testing by the Air Force Reselaabloratory (AFRL)[47]-[48]. The maximum
temperature of all SIC MOSFET modules mentionedvabadoes not exceed 200 °C.Arkansas
Power Electronics International (APEI) reports thdevelopment of 250 °C SiC MOSFET
phase-leg power module in [49]-[50], with 1200 \§01A rating. In addition, the module of

Toshiba is also reaches 250 °C in [51].
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Table 2-2. Summary of recent published all-SiC powedules

Group VR I Maximum Devices & Type References
Temperature | Paralleling
ARL 1200V | 100 A 200 °C MOSET x 2 Single switch [42], [43]
module
ARL 1200V | 400 A 150 °C MOSET x 2 Phase-leg [44]
JBS x 6 module
ARL 1200V | 800 A 150 °C MOSET x 11  Phase-leg [45]
JBS x 11 module
GE 1200 V| 150 A 175 °C MOSET x 10 Single switch [24]
Schottky module
diode x 15
Cree, GE,| 10kV | 120 A 125°C MOSET x 12  Phase-leg [46]
Powerex JBS x 6 module
Powerex, | 1200V | 100 A 200 °C MOSET x 5 Phase-leg [47], [48]
AFRL, JBS x 3 module
Cree
MOSET x 2
JBS x 2
APEI 1200 V| 160 A 250 °C MOSET x § Phase-leg| [49], [50]
module
Toshiba | 1200V, 10A 250 °C MOSET x L  Phase-leg [51]
JBS x 1 module
UTK, Ul, | 1200V | 30A 200 °C JFET x 3 Phase-leg [52]
GPE SBD x 1 module
APEI 1200 V 5A 250 °C JFET x 2 Three-phase [53]
SBD x 2 module
ARL 15 kV 3A 200 °C JBS Full-bridge [54]
rectifier module
TranSiC | 1200V| 36 A 175°C BJT x 6 | Single switch [55]
SBD x 6 module
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For a SiC JFET based power module, the Universityfennessee, Knoxville (UTK),
University of Idaho (Ul) and Global Power Electresmi(GPE) developed a 1200 V phase-leg
module using three normally-on SiC JFETs in paralled one SiC SBD in each switching
element[52]. A three-phase power module is presemt¢53] by APEI, but the power rating of
it is 4 kW. For other SiC power modules, referefted] shows a full-bridge rectifier module
based on SiC JBS with high blocking voltage of 15 KranSiC presents a module consisting of
six paralleled 6 A, 1200 V BJTs paired with six goercial SiC Schottky diodes[55]. Table

2-2summarizes some of the all-SiC power modulesighda in recent years.

Even through much work has been done on all-SiCeponodules and great development
has been achieved, three-phase, high power, ahddmgperature SiC power modules still need
to be developed to meet the requirements of higkepohigh density, and high efficiency for
bridge power converters. In addition, several otissues on SiC power modules should be
studied, e.g. the influence of parastics, introdudey module packaging,on devices’
performances especially for normally-on switchese Tdevelopment of all-SiC three-phase

converters based on three-phase power modulesed¢sis more experience.

2.2 High Efficiency Converters

2.2.1 Efficiency Characteristics of Power Converters

For a power conversion system, the input power aotput power areP, and Po,

respectively. The power loss of the systerRds, They satisfy
I:)I = I:)O + Flz)ss (2_2)

As a result, the efficiency of a power conversigstesm is
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&: 1 =1- I:?oss
F)I 1+% % :32-
o

This section gives a brief introduction of the @weristics of)= n(Po).

Each converter is modeled as having a combinafidiree types of losses

Fl)oss = I:)IossO + Plosi+ Plossz = K)+ IS. I:)O+ ls Ié( (2_4)
where the parameteks, k;, andk, are constant values.

The componenP.ss &= kois independent of the output power, and ismainipgosed of the
auxiliary system loss, caused by gate drivers, agensontrol electronics, forced cooling,
etc.Furthermore, there are contributions from tlapacitive switching losses of the power

semiconductors.

The componenPss = kiPois linearly dependent oRo, often caused by approximately
linearly current dependent switching losses of gos&miconductors. Power semiconductors
with largely current independent forward voltagepl{diodes and IGBTs or generally speaking
bipolar semiconductor elements) also contributthi® part. In additionPess 1iS caused by core

losses of inductive components.

The loss componer®ss = k-Po’characterizes quadratically current dependentohenic
loss components. The typical examples are condutbsses of power MOSFETS, the winding
losses ofinductive components, as well as the sogseapacitorsas a result of the equivalent

series resistance (ESR).

In the following, only one loss component is coesall at a time, in order to show the
influence of the individual power loss componenmtabutions on the efficiency characteristic

and shaping of efficiency curve.
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If only the constant lossé%ss 0iS considered, from (2-3)

1 Ko
n, = =1-—>=
° 1+ Fl)osso Po (2-5)
I:)O

The influence of this loss component on the efficiefalls with increasing output power, as
Figure 2-3(a) shows. The efficiengyreaches values near to 1 for high output power.l¢\@
output power, however, the efficiency curve is itewy dragged to zero foPo = 0. This
component is the dominant part of loss at lightllddence, higher light load efficiency can in

any case only be attained by minimizing the coridtases.

If only the output power proportional los98sss 1is considered, from (2-3) the efficiengy

is constant with the increasing of output poWgras shown in Figure 2-3(b).

m=—p =1k (2-6)

The the quadratically current dependent lIoBgges reduces with the increasing of output
power, as shown in (2-7) and Figure 2-3(c)Pat= 0, Pss 4€lated efficiency component = 1
is reached.For a high efficiency at the rated dpeggoint, one should in all cases aim for a
minimization of the conduction losses of power desi and the ohmic resistances of passive
components.

=———=1-Kk,P,
,72 1+ loss,2 20 (2-7
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Figure 2-3. Effect of the loss components on tlieiehcy characteristic[5].

From the analysis above, the efficiency of a pogogverter is

1 k
=1-(-+k +K,P) (2-8)

1+ﬁ+k1+k2P2 °
(@]

/7:

: . ok
In order to obtain maximum eﬁ|C|enc5E+ K, +K.Fo heeds to be minimized, and this happens

when the loss componer®gss @ndPj.ss are equal [5].

P

loss,0

7 max = Ploss,z _QX

At this time, the maximum value of efficiency is

,7max =1- kl -2 kOkZ (2_10)

whichoccurs at

(2-11)

PO‘/]max:

x~ |O>\—
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2.2.2 Power Converter Efficiency Improvement
A. Auxiliary system losses and gate drive losses

From the analysis above, the losses of an auxitiscyit is independent of the output power
and dominates the total loss of a power convettkglat load operation. The power consumption
of auxiliary circuits includes the losses of cutreoltage sensors, digital control electronics
(DSP, FPGA, etc.), and fans for forced air coolifibis part of loss could be minimized by
proper control measures e. g. reduction of thekclamuency of the digital control electronics or
by a temporary deactivation of the fans at palbiadtl [5]. For systems with ultra-high efficiency,

fans could be omitted completely.
If a unipolar gate drive circuit is assumed, theeghive loss will be
F1055,6 :VG [QG (\/G) [ fSW (2)12
wheré/; is the gate voltage after turn-oQgis the gate charge and depends on the switched

voltage.fsw is the switching frequendyiess dS increased by paralleling more power devices

sinceQgalso increases,and is proportional to the switchieguency.
B. Passive components losses

For the passive components, capacitors are coesidiest. Electrolytic capacitors achieve
high power density due to their high capacitance ywdume. However, the losses in the
electrolytic capacitors due to the equivalent senesistance (ESR) and leakage current are
significantly higher than film capacitors [56]. T§ufilm capacitors are required for high

efficiency converter designs. The loss of a capadstgiven by

F::ap =1 (2: rms[R ESF (2'13)
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Resris dependent on the frequency and can be caldubéth the dissipation factdan J[5],

:tané(f) 2.14
Resel )= 22 (2-14)

The reduction of the capacitor losses is only grdsghrough paralleling of multiple components

in order to reduce the effectifsr

The loss minimization can only be done based ordétailed modeling of the low and high
frequency components of the iron and copper logasagnetic components. The core 188§,

can be calculated using the modified Steinmetz tamub7], and it is assumed thgt= 2[5],

3
P Df&myﬂ/[kLD} (2-15)

core core I 4 |

wherd is the dimension of the cor€g . is the volume of the cor&\B is the flux density ripple

caused by current ripplai,

SN (2-16)

NA A P

AB

L is the inductance valué is the inductor core cross-sectional area, ldnd the number of

turns. The winding losBuinging Can be estimated according to [5], [58]

I:)winding =1 i rmsRL DC+ z— O—0O- (2'17)

whereédy is the wire cross-sectional aréd,pc is the inductor dc resistance, aRdi.niS the ac
winding resistance due to skin and proximity effegsulting from thenth harmonic of the

inductor current rippledi, .. The R acn can be calculated using the Ferreira method [6€] a

R_bc can be calculated by
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_ pIND, 2.18
R oc A, (2-18)

pis the resistivity of the wire and is the average length of a turn.

From (2-15) and (2-17), both core and winding lesaee decreasing with increasing linear
dimensionl.This tendency is shownin[60]. In some applicatiogsg. transportation systems,
there is the requirement of high power density.aAsesult, the dimension of the inductor is
limited. In the real converter design, the desigsteould make a selection to minimize power

losses and considering power density at the sanee ti

The selection of switching frequency determinesititictor loss directly. Generally, the
optimization regarding the switching frequency masstperformed for the overall system, i.e. the

power devices’ switching losses and power dengitiij@converter have to be considered.
C. Power deviceslosses

As the dominant part of total loss of high poweretiphase AC converters, the power
device loss needs more efforts to minimize in orderachieve high efficiency of the whole

system.

The straightforward design approach to reduce tmelaction loss of a power device is to
increase the semiconductor die area, by replacengcds with larger die area or paralleling
devices. However, this approach has its own linoitatbecause with the increasing of die area
and reduction of conduction loss, the parasiticacapnce of the power semiconductor, which
determines the switching loss, increases.Refergsjcaisd[60]give the analysis of the influence
of die area on the loss of Si power MOSFET. Basedhe calculation of the energ¥#dos9

stored in MOSFET output capacitan€®d{, the linear capacitance can be defined as
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C Eeq (Vds) = g |:q-':oss,(vds) :(9)

from the relationship

1
ECoss(Vds) = E [C Eeq (Vds) |N/ds (2'20)

where the values dEcysand Cosdepend on the MOSFET drain-source volt&ge The power
MOSFET will be

1
PMOSFET =1 ds,rms (R + E [CE,eq (Vds) Wdzs Dfsw (2'21)

ds-on

If the on-state resistance and the equivalent c@p@me are set in relation to the Si power

MOSFET chip aredg;

*

R

RdS—On = 'Z\S-OH ’CEeq = C*Eeq |}Si (2'22)
Si
(2-21) will be
_ 1
PMOSFET - k1 EIAS- + k2 DA‘Si DfSW (2'23)

wherek; andk; are coefficients. As a result, the optimal Si poM©SFET die area of

N _
A=t (2-24)

can be obtained for the minimum MOSFET loss of

PMOSFE'I',min = 2\/ kl |:k2 |:fSW (2-25)

For a power IGBT, there is a fixed voltage drop eaetower current region. In order to
reduce the conduction loss, a hybrid switch inféren of MOSFET and IGBT parallel operation
is proposed in [61]. The advantage of this switombination is to have MOSFET conducting

the current at low current and IGBT conducting ttigh current. The voltage drop at low
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currents is proportional to current, and at higirents, it is dominated by the IGBT.

In addition, the increase of die area allows longrihe thermal impedance by increasing
cooling area and thus lowering the junction temfaeeawhich helps to reduce the loss of the

device.

Soft switching techniques are widely used to elatenpower device switching loss. For
example, it has been used in many kinds of topetogi DC-DC converters, such as a push-pull
converter [62], LLC converter [63], and full-bridgmnverter [64]. In [63], the zero-voltage
switching (ZVS) operation is realized for all powaevices under all operating conditions to
make LLC converter suitable for high switching fuegcy operation. In [64], the proposed
hybrid-switching phase-shift full-bridge DC-DC carterprovides wide ZVS range in the
leading-leg switches, achieves zero-current swighizCS) for lagging-leg switches, and uses a

hybrid-switching method to avoid freewheeling clating losses in the primary side.

Moreover, the soft switching technique is also papin AC converters. A typical example
is the single phase PFC [65]-[68]. In addition,stlapproach is realized in three-phase AC
inverters by introducing a quasi-resonant circuitthe DC link [69], or adding resonant
magnetics, snubber capacitance, and an auxiliartgisfor each main switch, to establish zero-
voltage condition for the main switches [61], [T0R]. In [61], the 99% peak efficiency of a 55
kW three-phase voltage source inverter for hybtettec vehicles is obtained, using ahybrid
switch and soft switching techniques. The main d@vk of implementing soft switching is the
need for extra circuitry and components, which send increase the size, cost, and the

complexity of the circuit and control.

Another approach to reduce power semiconductoricisiug loss is to improve their gate
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drive circuit.The traditional method is to the redugate resistance to reduce switching time.
Recently, significant works have been done on acgate drives to reduce power devices’
switching loss. A multi-step driving technique whiprovides reduction of the reverse recovery
current has been proposed in [73]. In [74], theegapacitance of the IGBT is charged with
relatively small current in order to limit the aattor current slope and reverse recovery current
as a consequence. As a result, the collector emitteage tail and turn on losses are reduced. A
gate driver based on the gate emitter voltage measnt and the Miller’'s plateau detection is
proposed in [75] to reduce switching loss. Theemtr current slope control without a feedback
circuit is proposed and analyzed in [76], and tdditeonal regulation of the collector emitter
voltage slope is reported in [77]. Reference [/@)tools both di/dt at turn-on and dv/dt at turn-
off for an IGBT. Moreover, the gate drive which caduce switching loss on both IGBT and

MOSFET is provided in [79].

The improvement of control scheme is another ampréa@ increase the efficiency of power
converters. The proper selection of modulation sehéor a three-phase PWM converter can
reduce the switching loss of power devices in thaverter. One typical example is the
discontinuous space-vector PWM (DPWM), which isoatslled minimum-loss space-vector
modulation (SVM) or 60° clamped SVM. DPWM shows 58¢6tching loss reduction compared
with continuous space-vector PWM because the phameging the highest current in each 60°
of line cycle are not switched [80]. For currentuse three-phase PWM converters, the
Modified Fullwave Symmetrical Modulation (MFSM) h#ge minimum switching losses of the
current source converter (CSC) bridge irrespeabivehe displacement power factor angle[81].
The idea of MFSM is to avoid switch commutationsickhwill result in unfavorable switching

voltages. The switching voltage is unfavorablehé switch commutation is performed to the
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bridge leg which results in the absolute valuewatch voltage is the highest of all line-to-line
voltages at the moment of the commutation. The atkth improved for current source rectifier
(CSR) with DC link freewheeling diodes in [82]-[83nd shown to minimize power devices

switching loss in [84]-[85].

The control algorithm for different topologies cha improved to minimize power loss of
converters in some special applications.For exaniptefull-bridge series resonant inverter, the
asymmetrical voltage-cancellation control for diffiet load quality factors and a power control
based on pulse densitymodulation are proposed 6h #8d [87] respectively, to allow the
inverter to work close to the resonant frequencymioimize losses.Another example of the
variable switching frequency is used in EV/HEV tanimize inverter losses [88]-[89]. This
method is also proposed in other applications, Rkéinverter and half-bridge series resonant
inverter [90]-[91]. Some other control strategiesus on the light load efficiency improvement,
like the predictive current control for single-phaFC [92] and pulse-skipping control for grid-

tied inverter [93].

Different topologies of converters show differerifiociency characteristics in different
applications, so the proper selection of topologyalso an important step to achieve high
efficiency. Take three-phase converters as an ebearipom reference [94], for unidirectional
rectifiers, the three-level Vienna six-switch ré&eti is the best solution for high switching
frequencies considering power conversion efficienOy the other hand, three-level T-type
rectifiers display better efficiency for low swiicly frequencies[94]. In addition, three-level
hybrid rectifiers (combination of line- and selframuted rectifiers) constitute the natural choice
for high switching frequency operation, while teotlevel hybrid rectifiers could only be better

for very low frequencies. For three-phase motowetj reference [95]shows that multilevel
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neutral point clamped voltage source inverter (NP3} has the highest efficiency for 1 MW
motor rated at 2.4 kV. However, the losses of thigage-source topology are nearly 50% higher
than those of the current-source thyristor-basedltgy for 20 MW motor rated at 6.6 kV and

2.2 kA.

In addition, for some applications, improvementexisting topologies can also help to
increase the converter efficiency, such as the ovgat single-phase PV inverters in [96]-[98],

and bridgeless PFC with reduced conduction logs§f39i-[100].

The proper management of paralleled convertersatsm improve the efficiency of the
whole paralleling system. The DC uninterruptablev@osupply (UPS) is a paralleling system of
several AC-DC rectifiers. Not all of the rectifisrodules provide output power at partial load, in
order to achieve near-peak UPS efficiency at lgyistem load [101]. Moreover, the interleaving
of paralleled converters can reduce current anthgelripples to reduce passive components’
losses. In addition, the switching frequency carrdsiiced by interleaving which achieves the
reduction of switching loss. Since the losses olvgrocomponents are closely related to the
operation temperature, good thermal design and gesment will help to minimize power losses

too.

2.2.3 SiC Based Power Converters

The development of SiC power semiconductors prevatether way to increase the power
converter’s efficiency due to the advantages of &®ices discussed in 2.1. Here, only three-

phase convertersbased on SiC devices, the fodirssalissertation, are surveyed and introduced.

The SiC diode is first used in three-phase conveitembined with Si active switches. In

[102], a 55 kW voltage source inverter (VSI) usi8gIGBTs and SiC Schottky diodes is
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developed for hybrid electric vehicles (HEVs) bykQridge National Laboratory (ORNL). A 5
kW current source rectifier (CSR) is designed fatadcenter and telecommunication power
supplies by ETH in Switzerland in [58] using SiChsttky diodes combined with Si MOSFETS,

and 98.8% efficiency is achieved at full load.

Moreover, SIiC active switches are expected to oepli switches to further improve the
performance of power converters including efficieiitie high efficiency of SiC based
converters for HEV and wind turbine have been destrated in [103]-[104], respectively. The
all-SiC three-phase converters are being developeddwide.An AC-DC converter was
designed for > 100 °C ambient temperature by thestéor PowerElectronics Systems (CPES)at
Virginia Tech using a power module integrating #phase diode-bridge and DC-DC boost
converter [105]. Three-phase voltage source coereifyVSCs) are also built up in[52],[106]-
[109]. A 4 kW SiC JFET based VSI is successfullsted at 200 °C in [106]. APEI has built a
high temperature all-SiC VSI using silicon on iregal (SOI) gate driver in [107], which was
tested at 4 kW. A 10 kW high power density protetygonverter consists of a Vienna-type
rectifier front-end and a two-levelVSlwas develoggd CPES using SiC JFETs and Schottky
diodes [108]. In addition, another high density \68R25 W/cn? is demonstrated by Toshiba in
[109]. The 98.2% peak efficiency of a 18 kW VSIngiSiC phase-leg module is achieved in
[52]. Even though, quite a lot of excellent workavd been done on all-SiC voltage source
converters, further development of high power, hefhciency, all-SiC three-phase voltage
source converters is still necessary for the apfpbos which require high power density and
high temperature. Six-pack SiC-based power moditle mgh temperature packaging is needed
for high temperature and/or high efficiency apgdimas. The related issues of the six-pack

module on the VSC efficiency should be studied.
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The works on all-SiC current source converters (e fewer than on VSCs. The main
purpose of using SiC devices in CSCs is to increagtching frequency in order to reduce the
large and heavy DC link inductors. A 2 kW, 100 kidarrent source inverter (CSI) was
developed in [110]. CPES has demonstrated cur@mics rectifier (CSR) with 2 kW power
rating, 150 kHz switching frequency in [111]. Indsttbn, ETH has built a 3 kW, 200 kHz back-
to-back (BTB) CSC in [112]. All of these CSCs us€ SFETs and Schottky diodes. The all-SiC
CSC focusing on high efficiency still needs morse@ch and experience with hardware

implementation.

2.3 Research Challenges and Objectives

According to the survey above, there are many wesbissues on the newcharacteristics of
SiC devices and the influences of their losses.desegn of all-SiC three-phase converters needs

more research. The main challenges include:

(2) Development of high power six-pack power moduléniigh operating temperature

capability based on paralleled SiC power devices.

(2) Understanding and explanation of parasitics’ impamt SiC devices’ behaviors in

both three-phase voltage source and current scoroeerters.
3) Evaluation of devices’ performances in three-pl@sesnt source converters.

4) Methodology to maximize the benefit of SiC deviageshe design of high efficiency

three-phase converters.Loss minimization of thie@sp current source rectifier.

(5) Development and implementation of paralleled currsaurce rectifiers with

balanced outputs and hot-swap capability.
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Corresponding to the challenges listed above, Hjectve of this work is to model, design,
and analyze three-phase voltage source convertetscarrent source converters using SiC
power devices to achieve high power conversiortieficies and verify the developed concepts

with hardware. There are six main tasks in thisaligtion:

(2) Develop a six-pack all-SiC 200 °C power module aatietethe phase-leg static
and dynamic characteristics. Develop a gate drorephralleled normally-on SiC

JFETs and analyze current sharing between JFETardnrgarallel diodes.

(2) Analyze the influence of package parasitic inductéaon normally-on SiC JFET

switching behaviors and switching loss.

3) Analyze current commutation in current source comve and develop double pulse
test circuit based on current source structureluata behaviors of SiC MOSFET in

current source converters.

4) Analyze the influence of parasitic capacitancelen $iC power devices’ switching

behaviors in current source converters.

(5) Design and develop the high efficiency three-phfaset-end rectifier using SiC

power devices for data center and telecommunicgiaver supplies.

(6) Design and develop the paralleled three-phase-&odtrectifiers using SiC power
devices to achieve high efficiency, consideringpatitbalance, system redundancy,

and hot-swap.
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Chapter 3SiC JFET Power Module Evaluation for Voltage Source
Converters

As discussed in Chapter 2, SIC power devices apea®d to be widely used in high
efficiency converters, and SiC JFET is considergo@d candidate for SiC controlled switches.
Many publications present SiC JFET and SiC JFEEdg@®wer module and power conversion
systems in recent years[52]-[53], [106], [113]-[}.1H4owever, most of the published SiC JFET
power modules are single phase-leg modules [52§][1The modules in [53], [106]are three-
phase modules, but the power rating of them is 4 kKWeérefore, high power, three-phase SiC
power modules still need to be developed for hificiency applications, while achieving high
power and high density at the same time. In addittmme issues of SiC devices based power
module, such as parasitics influence and phasesHegt-through during fast switching [115],

need to be solved.

In this chapter, a fully integrated SiC JFET badede-phase power module is designed and
developed. Additionally, a three-phase two-leveltage source inverter based on this power
module is tested, and high efficiency is obtainBde chapter is organized as follows: the six-
pack SiC JFET power module with its assembly preegsis described in 3.1.The static
characteristics of the module are shown in 3.2.8 e switching test setup and test results are
presented.The parasitic inductance influence onchimig behavior of SiC devices in voltage
source converters is discussed in 3.4. In 3.5yeethhase voltage source inverter based on the

SiC JFET power module is tested. Finally, conclaosiare given in 3.6.
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3.1 SiC JFET Based Six-Pack Power Module

Figure 3-1 shows the picture of a SIC JFET basedeponodule with 1200 V and 100 A
power rating. The module size is 140 mm x 70 mn2X Inm. The module consists of a three-
phase bridge configuration with each switching edlatrhaving four 4.17 mm x 4.17 mm 1200 V
normally-on SiC JFETs from SIiCED and two 2.7 mm.¥ &im 1200 V SiC Schottky barrier

diodes (SBDs) from SIiCED in parallel.

Figure 3-1. Six-pack SiC JFET based power module.

Each phase-leg is designed in a separate subg&femm x 38.5 mm. Figure 3-2(a) shows
the phase-leg circuit. The basic switching celbttygoroposed in [116] is used during the phase-
leg layout design. As shown in Figure 3-2(b), tleeides in the commutation loop are placed at
the same side. Thus, the physical length of the ncotation loop is specifically reduced
compared with a conventional module layout, in \whice JFET and its anti-parallel diode are
seated at one side. This layout design leads teethection of parasitic inductance in the natural

current commutation path. The gate loop layoutwshin Figure 3-2(b), is composed of two

33



control pins placed between the two closer JFETedke the distance evenly distributed among
four paralleled JFETs. This step is necessary deroto balance gate loop parasitics in the

module. Figure 3-2(c) is the phase-leg picture.

+DC
J5) J6| J7| J8 _— = -
D1iD2 S ! =: il
2|
|-=! ! 1 J
T = = TS T Gat
Output | : I I | - (Gate
sic sic A = ki
JFET L1 1 ] SBD iLoop i
-DC Loop 2
Loop 1 Gate loop
Loop 2
(a) Phase-leg circuit (b) Phase-leg layout

SiC JFET SiC SBD Output Gate pins

“

+DC Thermistor pin

-DC +DC

(c) Phase-leg picture

Figure 3-2. Six-pack SiC JFET based power modulettre for a single phase-leg.

The package of the module is designed to workjahetion temperature of at least 200 °C.

The components and manufacturing processes that been used can be broken down into
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several key pieces: die-attach, wire bonding, sates, and housing/encapsulation.The SiC
JFETs and SBDs are bonded to the active metal bgndAMB) Cu [117]-[118] on
SizNysubstrates with lead based solder that melts ethpdrature of 310 °C.The source and gate
connections for the JFETs and SBDs connectionfoamged using 99.99 % pure 5 mil diameter
Al wire bonds. In order to avoid very long gate evibonds, the thin film Al on ceramic or glass
ceramic shunts are used.To form the complete thinese inverter, three substrates are bonded
to a Ni plated Cu molybdenum alloy base plate amdnected in parallel by connecting the
substrates to common +DC and -DC terminals. To &authg source voltages and control the
gate-source voltage¥ds), Au over Ni plated brass control pins are bonttethe metal traces on
the direct bond copper (DBC) substrates. The piesanded with lead based solder that is used
for die bonding. The housing is mounted on the plase that is machined from a glass filled
polyimide material, torlon 5030. The housing isdise support the busbars, Ni plated Cu, and
contain the encapsulation gel, Nusil Gel 8100, murihe curing process.All switching
components and interconnects are isolated fronhéla¢ sink baseplate. For simplifying system
assembly and thermal management, the interconnetdiche DC voltage input terminals and
the phase-leg output terminals are assigned asew $erminal type. The module also includes

three thermistors to monitor the substrate tempegat

3.2 Static Characterization

The static characteristics of the switching elemerthe module are obtained with a curve
tracer at various temperatures from 25 °C to 200&&Cshown in Figure 3-3. In the test, the
module is heated with a hot plate with a thermot®@s the temperature monitor.The forward
characteristics of switching element are obtainedFET gate-source voltag¥yf) of 0 V, as
shown in Figure 3-3(a).Figure 3-3(b) shows the Bmdvcharacteristics at different gate-source
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voltage at 200 °C. Figure 3-3(c) illustrates thensfer characteristic at different temperatures.
Since the JFETs are normally-on devices, the poftivoltage Vpinch-off IS negative. From
Figure 3-3(c), the pinch-off voltage is lower witltreasing temperatures, from -16 V at 25 °C to
-17 V at 200 °C.Figure 3-3(d) shows the reverseradtaristics of the switching element
measured with the JFETs blocked Yy of -22 V, in which both the anti-parallel diodesda
JFET body diodes are considered. The thresholagel{/,) decreases with rising temperatures.
And the slope of the linear region becomes shaltomth rising temperatures, which means the

series resistanc®y) in the diode increases.

The measurement of the on-state resistance ofR&& & based on the slope of the forward
characteristic in the linear region. Figure 3-4wsdhat the four paralleled SiC JFETs on-state
resistanceR;) changes over a temperature range from 25 °C @°20 at 60 A drain-source
current (gg), atVgs = 0 V. From Figure 3-4, Rncreases with higher temperature, from 23 at
25 °C to 55 me at 200 °C. The low on-state resistance and higipégature tolerance determine

that the low conduction loss of SiC based powerutedven at 200 °C.
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Figure 3-3. Static characteristics of the switchéhgment in the module.

For a normally-on JFET based power module, whemeatrflows through drain-source
direction, onlyR; conducts the current, and the conduction lossvisngin (3-1). When current
flows through source-drain direction, the currenil flow in two conditions: when current is
smaller than a threshold value, only the JFET cotgjuand when the current exceeds this
threshold value, both the JFETs and the diodesawsitiduct current [119]. The switching cell

equivalent circuit in this mode is shown in Fig8r&, and conduction loss is given in (3-2).
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On-State Resistance vs. Temperature
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Figure 3-4. On-state resistance of four parall&&i JFETs in the module.
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N —F

Source 3 | Drain

Figure 3-5. Switching cell equivalent circuit wheurrent flows from source to drain.

From Figure 3-3(a) and (d), the reverse diodes siaronduct source-drain direction current
at 36 A and 12 A, at 25 °C and 200 °C respectivEhe diodes’ currents include the currents
flowing through both anti-parallel SBDs and JFEDslyp diodes. Figure 3-6(a) and (b) show the

source-drain direction current sharing between 3& diodes at 25 °C and 200 °C at different
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load current levels. Figure 3-6(c)-(d) show therent sharing at different temperatures at 20 A
and 60 A load currents, respectively. These figstesv that as the temperature increases, the
reverse diodes’ starting conduction current dea@®asd the shared current increases. In this SiC
JFET based power module, the JFETs channel willliecinmore current than the reverse diodes

even at 200 °C, 60 A.
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Figure 3-6. Source-drain direction current shabetyveen JFETSs and diodes.
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3.3 Switching Characterization

The phase-leg switching behaviors of the SiC JFB3eld power module are evaluated by
double pulse test (DPT), at a 650 V dc bus volt&geA current, and junction temperature up to
150 °C.Figure 3-7 shows DPT circuit with gate dresghematic. Both high side and low side
switching elements are four paralleled SiC JFETw# wvo anti-parallel SIiC SBDs. In the test,
the four high side JFETs are off, and the doublisegsignal is applied to the low side JFETs
gate terminal. As shown in Figure 3-8, the loadalhs a 1 mH inductor with 7 pF equivalent
parallel capacitance (EPC)is charged to rated oux&ue at the end of the first pulse.When the
low side JFETSs are turned off, load current commest#o the high side SBDs. The load current
commutates back to the low side JFETs when theyuaned on during the second pulse. The
self-heating of the devices is not considered. jlihetion temperature is assumed to be the same

as the case temperature because of the slow themeatonstant compared to the pulse duration.
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Figure 3-7. Phase-leg DPT circuit of SiC JFET pomedule with gate drive schematic.
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Considering JFET pinch-off voltage measured abomegd the devices’ -25 V gate
breakdown voltage, and their variation in four flated JFETSs, a value of 0 V s is chosen
for turn-on and -22 V fdfys is used for turn-off. The driver IC in DPT is IX29 from IXYS.
The RCD network is used between the gate driver HfielTs to adapt to the different gate
characteristics in case of JFETs paralleling [B1Figure 3-7, the turn-on resistorRg//Ry, = 4

Q, and the turn-off resistanceRg; = 10Q.
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Figure 3-8. Double pulse test waveforms. (Timepugd@liv)

In the test, the shoot-through protection of thagghleg is realized by an IGBT. This IGBT
is connected in series with the +DC bus, as shawiigure 3-7. Once the current exceeds the
limit, the IGBT will be turned off to separate tiphase-leg from the DC power supply and
protect the module. Figure 3-9 shows a photogrdpime high temperature testing setup. The
module is heated by connecting it to the hot pldtee temperature is monitored by the

thermocouple. A fan is used to cool the PCB andsthmt resistor.
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For the high-speed switching transients’ measur¢émethe SiC device, the probes should
have enough bandwidth in order to capture the riastg and falling edges of the switching
waveforms with sufficient fidelity [120]. According the signal theory, the effective bandwidth

(fsw) of a slope signal with a rise timi)(can be expressed as [121]

t (3-3)

Based on (3-3), a 20 ns rise time should correspond 17.5 MHz bandwidth. The
bandwidth of the probes should not be less thaM®fz, if leaving five times margin. The
measurement apparatus used in the test are listeable 3-1. In addition, different types of
probes possess different propagation delays wheédd o be compensated. In this work, the
coaxial cable is used as the baseline, comparedich P6139 has 2.5 ns delay and P5100 has

9.8 ns delay.

Protection board g B Y e 8 B Gate drive board
SiC JFET module " _43 ; Hot plate

Thermocouple

Figure 3-9. High temperature switching test setup.
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Table 3-1.Measurementapparatususedinmodule DPT

Measurement Apparatus Bandwidth
Oscilloscope Tektronix DPO 4104 1 GHz
Vs Tektronix P6139 500 MHz
lds 0.1Q coaxial shunt resistor with 2.2 nH series inducéan 2 GHz
Vs Tektronix high voltage P5100 250 MHz

50 0 50 100 150 200 250 1600 1800 2000 2200 2400
time /ns time / ns
(a) Turn-on waveforms (b) Turn-off waveforms

Figure 3-10. SiC JFET based power module switchiageforms at 650 V and 60 A.

Figure 3-10(a) and (b) show the turn-on and tufnvedveforms of four paralleled SiC
JFETs in the module, respectively. The wavefornes aotained with 650 ) and 60 A. The
turn-on overshoot current is 18 A at 150 °C dudh® discharging current of the junction
capacitance of the high side JFETs body diodesaatigparallel SBDs. It is verified in [119] that
the use of SiC SBD, which has no reverse recoveips to reduce the turn-on overshoot current.
From the comparison of the switching waveforms at°€ and 150 °C in Figure 3-10, it is

observed that the SiC JFETSs, with anti-parallel SEDs in the module, switch faster at 150 °C
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than at 25 °C. The turn-on timg.J is defined as the time from the current risind@% of its
peak value until the voltage falls to 10 % of tlevdltage value. Similarly, the turn-off time)

is defined from the time the current falls to 90u®il the voltage rises to 90 % of its dc value.
At 150 °C,ton is 140 ns andbs is 170 ns. Howevetg, is 160 ns andh is 220 ns at 25 °C. Fast
switching leads to low switching loss. The switghloss calculation covers the whole switching
transient. From the tests, the turn-on ldSs)(of four paralleled SiC JFETs in the module’s
switching element is 3.8 mJ at 25 °C and 3.4 nibat°C. The turn-off los€Efx) is 3.6 mJ and
2.9 mJ at 25 °C and 150 °C respectively. Figurd(@land (b) show th&g,, and Ex+ as a
function of load current at different temperaturaader 650 W Both turn-on and turn-off
losses of SiC JFETSs, with anti-parallel SiC SBD$he module, decrease with the temperature
increasing. The switching loss of the Si IGBT, IGIV&20 from Infineon which has the same
rating as paralleled JFETs in the module, is 9.5amd5 °C and 15.8 mJ at 150 °C, at 6Q9 V
and 60 A [18]. The comparison shows the low swiighoss of a SiC JFET based power module

and its benefits used in high efficiency convertespecially at high operating temperatures.

45 45
5 4 . 5 4 5
§3_5 Eon at 25 °C — §, 35 Eoff at 25 °C ——
w 3 \ o 3 v\
7] 7]
528 Eon at 100 °C 525 Eoff at 100 °C
c 2 \ t= 2 v\
915 215
E 1 Eon at 150 °C E 1 Eoff at 150 °C
=1 =3
F 05 F 05
0 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Load Current (A) Load Current (A)
(@) Turn-on loss (b) Turn-off loss

Figure 3-11. Switching loss at 65QVoltage with different temperatures.
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3.4 Parasitic Inductance Influence on Switching Behavio

Parasitics play significant roles in power devicesid converters’ performances. The
package parasitics of the SIiC JFET based power lmodke extracted by Maxwell Q3D
parameter extractor [123]. Figure 3-12shows theseheg circuit with package parasitic
inductances, and their values are listed inTab?e Which come from the L matrix extracted by
Q3D AC analysis at 100 MHz operating frequencyhvatl % margin of error.The common
source inductance is the parasitic inductance dhiayethe JFET gate loop and the main loop,
and the source inductance is the JFET source si@sific inductance only in the main loop. The
gate loop inductance value of each JFET includesnitiuctance shared by four paralleled JFETS,
called common gate inductance, and the inductanbeio each JFET gate loop. The common
gate inductance includes the mutual couplings oflfgded JFETs gate loops, which are
important for paralleled devices switching behawifit23]. Due to the application of the basic
switching cell theory and the devices’ gate loopol#, parasitic inductances in both current

commutation paths of voltage source convertersJ&fI's’ gate loops are very small.
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Figure 3-12. Phase-leg circuit with package parasituctances.

DC Bus

Table 3-2. Parasitic inductances of the three-pBaSeower module

J1 J2 J3 J4 J5 J6 J7 J8
Common gate inductance (nH) 4.5 4.3
Gate inductance (nH) 1.1 1.6 1.3 1.4 0.9 1.4 1.5 1.
Drain inductance (nH) 3.7 | 04| 04| 37| 0.7 41 8.8 10.
Common source inductance (nH) | 3.9 | 0.3 | 04| 41| 0.5 0.3 04 2.
Source inductance (nH) 16 | 53| 10.6/ 1653 6.5 23 20 3
D1 D2 D3 D4
Anode inductance (nH) 4.5 4.6 6.2 14.2
Cathode inductance (nH) 3.7 9.2 2.0 1.8
+DC bus -DC bus Output bus
Inductance on bus (nH) 20.3 12.5 9.9 9.6
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It is demonstrated in [25] that the power devicéistin side, source side, and gate loop
inductances have significant roles in their switchi performances and converter
loss.Furthermore, the package parastics will alspease a voltage source converter switching
loss by causing phase-leg shoot-through. Shootjiras defined as both high side and low side
switches in a phase-leg being turned on at the stime It will cause additional power
dissipation in the switching devices, increase desgl24], and even damage devices.Shoot-
through is mainly caused by higlv/dt during a switching transient. The structure of SKET
leads to the existence of the intrinsic capacitaaseshown in the circuit inFigure 3-13, which is
a crucial factor in determining the switching speed switching loss.For a normally-on JFET,
the capacitoCys is charged during turn-on transient, and the dewdl be turned on afteVys
exceeds the pinch-off voltage. During turn-off s&mt, Cys will discharge to reduc®ys The
internal capacitance will also be charged or disgpdé due todrain and source terminal voltages
of JFET vary when other switches are turning on afidwhich causes JFET turning-on by

variedVgs.

According to Saber simulation of DPT based on thasp-leg circuit shown in Figure 3-12,
the key parasitics, which will cause phase-leg sttwm@ugh, include the gate loop inductances
and DC bus inductances.The voltage of phase-legubuérminal drops from 650 V to 0 V
during low side JFETs turning on in the switchimgtf shown in Figure 3-13. At this time,
currentiy appears in high side JFETS’ gate loops becaudbeokxistence of JFET internal
capacitance. Wheig increases, there is a voltagg )(across the parasitic inductantg)( Since
the external gate voltag®¥d) andVys are negative values for normally-on JFET turniffig{ois
possible thaVs is larger than the JFET's pinch-off voltageVifis large enough. Figure 3-14(a)

shows the simulation results of high side JREJand channel current with different values of
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Ly. It is obvious that largkg in high side JFET gate loop will caugg of JFET to be larger than
its pinch-off voltage due to the lardg.In addition, the JFET internal capacitance wilvéa
charge currentig,9 associated with it on the DC bus, and this curvégh cause a voltage drop
(Vpug across the DC bus parasitic inductarggy, as shown inFigure 3-13. This effect may also
result in shoot-through since it leads to the lsgle JFETs drain voltage being higher than DC
voltage and therefore increases tiwédt during switching. Figure 3-14(b) shows the simolat
results of the high side JFBMys and channel current with different valuesLgfs A largeLpus

leads toVys being more than the pinch-off voltage and caukeststhrough.

To avoid phase-leg shoot-throughy/dt need to be reduced which will increase switching
loss. Based on the analysis above, power deviegs’lgop inductances and DC bus inductances

should be kept as small as possible in a voltageearter, in order to obtain high efficiency.

i Vbus
bus —> +DC
Parasitic i _ Parasitic
inductance 9‘ inductance
Ve -— <— I Load
VL Ig L

650 V + las <t>

-DC

Figure 3-13. Package parasitic impact on phassHegt-through.
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Figure 3-14. Gate loop and DC bus parasitic inchega’ influence on phase-leg shoot-through.

3.5 Performance in a Voltage Source Converter

Figure 3-15 shows an all-SiC three-phase voltagecsoinverter, based on the six-pack
power module developed and characterized aboveslajged for EV/HEV applications. The
custom gate driver contains circuits for inhererstife operation of the depletion mode JFETs
under start-up and fault modes. The DC input cemsis metalized 941F polypropylene film
capacitors with segmented foils to provide shartust protection. There is an integral input LC
EMI filter to reduce conducted line currents. Thentcoller is a Texas Instruments Piccolo
TMX320F28035 microcontroller based control cardeThput and output power and signal
connections are by keyed twist-lock connectors f@aximum safety and convenience. This
liquid cooled inverter is 22.9 cm x 22.4 cm x 7rh m dimension with a volume of 3.6 liters,

and a weight of 3.53 kg.
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Tektronix DPO7104 |
Oscilloscope

Yokogawa WT3000
Power Analyzer

il
RL Load, Y-connection
(R=10Q,L=1.2mH)

= 7 —

DC Power Supply (650V, 20A)

Chilleg
(25°C~95C) SVPWM Control PC
Figure 3-16. All-SiC voltage source inverter tastl &fficiency measurement setup.

This SiC based voltage source inverter is tested an RL load. As shown in Figure 3-16,
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the inverter is connected to a DC power supply f@edls AC power to a three-phase RL load
with Y-connection, where R = 1Q and L = 1.2 mH. The switches in the inverter ampetmlled

by space vector pulse width modulation (SVPWM) algngenerated by the TMX320F28035
microcontroller board. The chiller changes the anbltemperature from 25 °C to 95 °C. The
coolant flow rate is set at 6.8 liter per minuté’fll) with 50 % ethylene glycol, 50 % water at
the output of the chiller. The input DC voltagéd), the input DC currenti{;), the three-phase
line-to-line voltage Va» and V), and the line current(andip) are monitored and measured by
an oscilloscope, Tektronix DPO7104. The power cosiva efficiency and the quality of the
inverted AC power are monitored and measured u¥iokpogawa WT3000 Precision Power

Analyzer with an accuracy of 0.02 %. For AC sideee-phase three-wire power measurement

method is used, and DC side power is obtained W{iptying DC voltage and current.

(@) fow =10 kHz (b) £ =40 kHz

Figure 3-17. Experimental waveforms of the SiC das#tage source inverter at 65Q.\f = 60
Hz, M = 0.85 with the RL load, R=10 ohm and L=1.BInfTime:5 ms/div, Vab and Vbc:700
V/div, ia and ib: 30 A/div)

The experimental waveforms Wf,, Vi, ia, andip at coolant temperature of 25 °C are shown
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in Figure 3-17. The input voltage is 65Q.VThe frequency of the output current is 60 Hz, and
its magnitude is set by a modulation index of ORgure 3-17(a) shows the waveforms with 10
kHz switching frequency, andFigure 3-17(b) shows thaveforms with 40 kHz switching

frequency.
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s —— - . N 98.50 *@
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[2) !
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(] (]
£ s "\o\‘._._',\.‘_. 3 97.50 L Tc=500C
& £ 9725 —+-Tc=650C
W 94.00 w _
l ~—fsw@10kHZ 97.00 ~>¢Te=750C
93.00 ¢ -=-fsw@20KHZ | —alTc=850C
- fsw@30kHZ 96.75 ->-Tc=950C
92.00 ~e-fsw@40kHZ | 96.50
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(a) Different output power levels and switching(b) Different output power levels and coolant
frequencies at 25 °C coolant temperature. temperatures at10 kHz switching frequency.

Figure 3-18. Efficiency of SiC based three-phadé&age source inverter.

The inverter efficiencies are measured at up to} KMV output power with 60 Hz
fundamental output frequency and 0.85 modulati@exy) shown in Figure 3-18. Figure 3-18(a)
shows tested efficiencies with different switchifrgquencies from 10 to 40 kHz, at 25 °C
coolant temperature. The power loss at the gatedboard, which is 5 to 8.5 W depending on
the switching frequency, is included in the effiatg measurement. The efficiency curves are
measured by changing the DC input voltage with ftked RL load. The maximum 98.5 %
efficiency including the 5 W gate driver power lassachieved at a switching frequency of 10
kHz at 5 kW output power, 650 V DC voltage.The intige efficiencies with different coolant

temperatures at 10 kHz switching frequency are shanFigure 3-18(b). The conversion
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efficiency degradation at coolant temperature of°@5is less than 0.2 % compared to the
measured data at 25 °C. The experiment results shevbenefits of SiC power devices to
achieve the three-phase voltage source convertér Wgh efficiency, even at high operating

temperatures.

3.6 Summary

In this chapter, a SiC JFET based three-phasetavyeower module with 200 °C packaging
is designed and demonstrated. Each switching eleowsrsists of four paralleled normally-on
SiC JFETs with two anti-parallel SIC SBDs. The mledstatic characteristics are tested at
temperatures up to 200 °C, and the current shdmgtggeen JFETS' channel and anti-parallel
diodes are studied. The low on-state resistancthefSiC power module illustrates the low
conduction loss when it is used in voltage soumeverters. The switching performance of the
module is evaluated by a DPT up to 150 °C, at 6R8nd 60 A, and the results show the shorter
transient time and lower switching loss comparethviiaditional Si IGBT. In addition, the
influence of package parasitic inductance on phageshoot-through and switching loss are
analyzed. The key parasitics are parasitic indeetsnn JFET gate loop and module DC
bus.Meanwhile, the significance of shoot-throughtgetion and package parasitic inductance
reduction for the SiC JFET module is pointed oumaRy, a liquid cooled three-phase voltage
source inverter based on this power module is dstrated, and 98.5% efficiency is obtained at

10 kHz switching frequency at 5 kW output power.
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Chapter 4SiC MOSFET Evaluation for Current Source Converters

Except for voltage source converters, three-phasermt source converters are also widely
used in high efficiency applications, such as wemunication and data center power supply
systems. The three-phase current source rectifién, 480 Vi msline-to-line voltage input and
400 Vg output, is preferred as the front-end converte4@0 V DC architecture power supply
systems [58], since a voltage-source rectifier outp too high (typically 700 — 8004y when
connected to 480 ¥ line-to-line grid. Compared to the boost rectifi@aouck rectifier provides
a wide output voltage control range, and allowsdamrent limitation in case of an output short

circuit [125].

In addition, the SiC power MOSFET is the best cdath to replace the Si IGBT in
demanding power electronics applications[24]. Etrenugh the reliability of its gate oxide is a
problem at high temperatures [24], the SIC MOSF&Ttill a good choice for high efficiency
but not high temperature applications, due toatselr losses compared to Si IGBT. Thus, the
characteristics of SIC MOSFETSs need to be evalustetirrent source converters, which have
different current commutation than voltage sourgeverters, in order to meet the requirements

of high efficiency applications.

This chapter studies the performance of SiC MOSF&TESBDs when they are applied in
three-phase two-level current source converters. static characteristics of a commercial SiC
MOSFET and a commercial SBD are presented in 4.4.2, the switching performances of
these devices are evaluated for current sourceectars, based on current source structure DPT.

In addition, the parasitic capacitance influencesatitching behaviors of SiC devices in current
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source converters are discussed and studied idd.Biductive snubber is proposed and studied
to reduce SiC MOSFET turn-on loss caused by parasipatance in 4.4. Conclusions are given

in 4.5.

4.1 Static Characterization

In a three-phase current source converter, thecking element is composed of an active
switch and a diode in series, as Figure 4-1 shdWws.diode is used to block the reverse voltage.
For the PWM control of a current source convertee zero vectors are always realized by
conducting both high side and low side switchesiciwviis different and not allowed in voltage
source converters. Because of the series of poeeices, the device conduction loss is the
dominant part of the total loss in many currentrsewconverters. Thus, the SiC power devices
have the advantages to reduce conduction loss aables high efficiency in current source

converters, due to their low on-state resistance.

+DC 19 High side

switch

x
Output

[

1E Low side

switch
+DC }

Figure 4-1. Three-phase current source convertaseleg.

The forward characteristics of 1200 V SiC MOSFEMKE20120D from Cree[19], shown in
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Figure 4-2, is measured by a curve tracer and mddaat various temperatures from 25 °C to
125 °C, at the gate-source voltaggs( of 20 V, up to 20 A. The on-state resistance hef t
MOSFET measurement is based on the slope of teafdrcharacteristic in the linear region.
Figure 4-3 shows MOSFET on-state resistance vamatifferent temperatures. They are the
average values of five test samples. From FiguBethie on-state resistance of the SIC MOSFET

increases with temperature, from 6&rat 25 °C to 76 192 at 125 °C.

SiC MOSFET Forward Characteristic

25
20 %

o5 oC —25C
<15 —50C
3 10 75¢C

; 125 °C —100C
—~125C
0
0 0.5 1 1.5 2
Vds (V)

Figure 4-2. Forward characteristic of SiC MOSFET.

SiC MOSFET On-State Resistance
78
76
74
72
70
68
66
64
62
60

On-State Resistance (mQ)

25 50 75 100 125
Temperature (°C)

Figure 4-3. SiC MOSFET on-state ressitance.
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The SiC SBDs will help to improve the efficiency @frrent source converters due to their
low conduction loss and no reverse recovery. Tleeetwo paralleled 1200 V SiC SBDs in
SDP60S120D (TO-247) from SemiSouth [20], considgria low conducation loss. Figure 4-4
shows the forward characteristic of each leg from temperature of 25 °C to 175 °C. The
threshold voltage of the diod¥() decreases with rising temperatures due to thet8ghbarrier
height reduction with increasing temperatures. Allse slope of the linear region becomes

shallower with rising temperatures, which meansstitges resistanc®&{) in the diode increases.

SiC SBD Forward Characteristic

30
—25C
25 25 oC / _50 C
20 75C
<15 N —100C
2 175 °C
10 y, —125C
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5 /
. | / 175 C

0 0.5 1 15 2 2.5
vd (V)

Figure 4-4. Forward characteristic of SiC SBD.

4.2 Switching Characterization

The static characteristic data are not enough tmverter design and operation. The
switching performances of SIC MOSFET and SBD, useithe current source converters, need

to be evaluated with double pulse test (DPT) basecurrent source structure.

The transition process of current source converisrdifferent with voltage source

converters, in which current commutates betweeh bBige and low side switches. Figure 4-5
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(a)-(d) show the transition process in a PWM seatoma current source rectifier. D is the

freewheeling diode between DC buses to realize wectors, in order to reduce conduction loss
and avoid switching of active switches at the séime. In Figure 4-5(a), S6 turns off, S4 turns
on, and S1 is ON. When zero vector is used, cugemmutates from S1 to D, as Figure 4-5(b)

shows. Figure 4-5(c) and (d) show the reverse ittangrocess of Figure 4-5(b) and (a).

P Lgc/2 P Lgc/2

(a) Current commutates from S6 to S4 (b) Currentroatates from S1to D
—>
q 9 9 lac 1
S1 S3 S5 S1
a _f N a
- ¢/ #D
q q q q
S2 S4 S6 S2
Lgc/2
n
(c) Current commutates from D to S1 (d) Current cwrtates from S4 to S6

Figure 4-5. Equivalent circuit of the transitioropess in the current source rectifier.
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To evaluate the power device switching performartbe, DPT should keep the same
transition process as current source converters.DRIT circuit based on current source structure
is shown in Figure 4-6, which is different with tB&T circuit based on voltage source structure,
shown in Figure 3-7. In this work, the tested Svpr devices will be used in a current source
rectifier with 480 Vs line-to-line input voltage, and 400,0/0utput voltage. In the first test, the
MOSFET S2 is turned off and the double pulse sigmalFigure 3-8 shows, is added to the gate
of S1, current commutates between S1 an¥ Dincreases from 340 V to 680 V. In the second
test, a pulse is added to the gate of S2 too. Vhdap time is lus. V1 increases from 588 V to

680 V, andv2 decreases from 588 V to 340 V. Current commutag¢éween S1 and S2.

Figure 4-6. Current source double pulse test dircui

The driver IC for the SIC MOSFET is IXDN514. Thetgaoltage of +20 V is selected for
MOSFET turning on and -3 V is used for its turnof§ The external gate resistance iQ5The
passive probe, Tektronix P6139, is used to meaSyseThe drain-source voltage/dy) is
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measured by Tektronix high voltage probe P5100. dilveent probe, TCP0030 from Tektronix,
is used to measure MOSFET drain currég).The load is a 1 mH inductor with 7 pF equivalent

parallel capacitance (EPC). Figure 4-7shows thestdsp.

Load DPT board SiC SBC  SiC MOSFET
Figure 4-7. SIC MOSFET DPT setup based on curm@micg structure.

Figure 4-8(a)-(b) are the MOSFET S1 turn-off anghton waveforms, respectively, when it
commutates with freewheeling diode Y21 = 680 V,l4. = 20 A, and the MOSFET S2 is turned
off. The current fall time and rise time duringritoff and turn-on transient are 40 ns and 14 ns,
respectively. The turn-off time is 40 ns and tumtione is 55 ns.Figure 4-9(a)-(b) are S1 turn-off
and turn-on waveforms &1 = 680 V,V2 = 340 V, andy: = 20 A when it commutates with S2.
The current fall time and rise time are 36 ns a@d4 respectively. The turn-off time is 40 ns

and turn-on time is 52 ns.
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Figure 4-8. MOSFET1 switching waveforms commutatith D. (Time: 40 ns/div)
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Figure 4-9. MOSFET1 switching waveforms commutatinth MOSFET2. (Time: 40 ns/div)

Based on the DPT above, the SiC MOSFET switchirsg lcan be calculated, as Figure
4-10(a)-(b) show. Since the switching loss of thO@SFET will be used to estimate the power
device loss of the current source converter, tiheegain Figure 4-10are obtained at different DC
voltages and constant DC currégtof 20 A. The test results show the low switchiogs of SiC
MOSFET at the constant current value, compared thightraditional Si IGBT rated at 1200 V
30 A, IKW15N120H3 from Infineon [18], whose turnf@nd turn-on loss are 0.45 mJ and 1.10
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mJ at 600 V, 15 A, and 25 °C. Thus, the use of BIGSFETs will reduce the loss of power

devices and increase the efficiency of currente®apnverters.

SiC MOSFET Eon & Eoff SiC MOSFET Eon & Eoff
600 250
2 500 %zoo
2 300 2100 Eoff
£ 200 S 50
.§ 100 2 o
& o 588V 630V 655V 670V 680V
0 100 200 300 400 500 600 700 578V 540V 48OV 410V 340V
Ves (V) V1&V2 (V)
(a) Commutation between S1 and D (b) Commutatiawdsen S1 and S2

Figure 4-10. SiC MOSFET switching loss as a functé DC voltages.

The measured switching enerds{ + Eof) in the test is used to estimate the switching los
of the rectifier. During the device switching trarg in current source converters, the junction
capacitance of both power devices with and witlswitching actions are charged or discharged.
The measured loss in the switching test includes émergy dissipation due to the
charge/discharge of junction capacitance of devimeslved in current commutations [126]. The
effects generated by the remaining switch junctiapacitance charge/discharge have also been

included in the calculation oE¢, + Eor) from switching test results.

Figure 4-11shows the equivalent circuit during shiiig transients in three-phase current
source rectifier. The switching elements Sx (MOSFKHT diode in series) or D (freewheeling
diode) involved in current commutation are modddgda resistance, which represents devices’
channels, and a capacitance, which blocks voltagengl switch off state, in parallel. The
remaining switching elements, which only have jinttcapacitance charge/discharge, are
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represented by a capacitance. A resistance isfosd¢de conducted switching elements. Other
switching elements are not shown in Figure 4-11eWbturrent commutates between S4 and S6,
the junction capacitance of freewheeling dio@g)(and devices in SZg,), which are blocking
voltages, are charged or discharged wi@p and4Qs, When S6 turns off (Figure 4-11(al)p
and Cs; are discharged. The discharge current reducedutimeoff current and loss of S6
considering the constant DC current. Meanwhile,din@ge current o€y andCs; increases S6
turn-on current and loss (Figure 4-11(b)). Assuha E,, andEqgare switching energies of S6
obtained from the switching test withoQg andCs; charge/discharge. TH&,, andE’ ¢, the S6
real switching energies witlCp, and Cs, charge/discharge in converter operation, can be
estimated as

E, = E +AE, +AE +AE

= Eoff +Vac |:Kvab_ Vac) EC& +( Vab_ Val DCJ)

1 1
+§ E(Dsz [qvjb - Va@ + E ECDEQ Vib‘ Vz)

a

(4-1)
B = B, vAB, +AE, +AE,
= Eon +Vac [I.:(Vac_ Val) ECS +( Vac_ Va))DC])
+ 2T, V2= V) + 200 Ve V)
2 2 (4-2)

From (4-1) and (4-2) Eon + Eof) obtained from the switching test equdsof + E'of). Similarly,
when current commutates between S1 and freewhegiote D (Figure 4-11(c)-(d)), the same
conclusion can be achieved according to (4-3) dnd)),(the switching energies of S1. For the
symmetric PWM scheme used in the paper, the swigctest results can be used to estimate
device losses during current commutation transiémtbuck rectifier operation, considering

junction capacitance charge/discharge of switckileghents without switching actions. Here, the
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loss in the charge/discharge loop resistance iteategl due to the short circuit loop of PCB
layout. The influence of capacitance charge/digghaurrent on conduction loss of conducting
devices is neglected too, considering the shortceimg transient compared with conduction

interval and small on-state resistance of parall&l©SFETSs.
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Figure 4-11. Equivalent circuit during switchingnsients in three-phase CSR.

Eort = Egit +AE, +AEc  +AEc
= Bt +Vap I-Vap [Cs3 + (Ve ~Vac) [Css] (4-3)

1 1
"‘E [Css EQ‘Vazb) +§ [Ces EQVch _Vazc)
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E,, = E,, +AE, +AE. +AE

= Eon +Vab |:Il-:l\/ab |:(['\’S?, + (\/ac _Vbc) |:(['\’SS] (4'4)

1 1
+§ [Css Wazb +§ [Css EQVazc _Vbzc)

4.3 Parasitic Capacitance Influence on Switching Behaor

Parasitics play significant roles for power devicasd converters’ performances. Section
3.4 has discussed the influence of parasitic ctquam in voltage source converters. In current
source converters, the parasitic capacitance wilueénce the switching behaviors of power
devices and the efficiency of the converter. Figdt&2 shows the three-phase current source
rectifier with parasitic capacitance between DC/BGses, and how this influences converter
performance is studied here. These parasitic cigpaes include the junction capacitance of
power devices, DC inductor equivalent parallel citpace (EPC), and the capacitance between
AC/DC buses on printed circuit boards (PCBs). Sitiee AC side of current source converter
has AC capacitors, the parasitic capacitances leetweo AC buses could be considered as the

AC side capacitors and are not included here.

Parasitic P Lgc
capacitance
between DC

and AC buses

L. Parasitic _L \Y;
T - T Vdc
capacitance
between DC

buses

de

VY e

Figure 4-12. Three-phase current source rectifir parasitic capacitance.
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Figure 4-13 shows the DPT circuit based on cursmirce circuit when a MOSFET
commutates with freewheeling diode (D), with parastapacitance between +DC and —-DC
buses. Figure 4-14is the Saber simulation wavefommsn the MOSFET turns on and D turns
off.It is clear from Figure 4-14 that during D tsroff, the parasitic capacitance is charged by
+DC and the charge curreltis added to the MOSFET curremds(, and causes the high spike
of I4s when a MOSFET turns on. The spikelgfincreases the turn-on loss of the MOSFET.
Figure 4-15 shows the DPT waveforms of a SIC MOSHKing on at 680 V, 20 A, with 0.1
nF and 0.2 nF capacitance between DC buses. Thet€&®has been described in Section 4.2.
From Figure 4-15, the spike &f;s increases from 28 A to 33 A, and the SiC MOSFER-tn

loss increases from 507 pJ to 636 uJ.

—
V1 lac
+

]| b $lc

-'E Vds IT

D Parasitic

+
capacitance
Dzlg ||=wT

Figure 4-13. DPT circuit with parasitic capacitatbetween DC buses.
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Figure 4-14. Simulation waveforms during MOSFEThton transient.

Figure 4-16 shows the DPT circuit based on cursenirce circuit when two MOSFETs
commutate, with parasitic capacitance between A€ @€ buses. Figure 4-17 shows the S1
turn-on simulation waveforms in Sabenét = 680 V,V2 = 340 V, and4. = 20 A, with 0.6 nF
and without parasitic capacitance. Tlhespike of MOSFET1 is 24 A and 37 A, without and
with 0.6 nF capacitance between AC and DC bussepgentively. The MOSFET S1 turn-on loss

increases from 130 pJ to 214 uJ.
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Figure 4-16. DPT circuit with parasitic capacitabetween AC and DC buses.
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Figure 4-17. MOSFET turn-on waveforms in simulatwithout and with parasitic capacitance.

From the discussion above, the existence of paras#pacitance in a current source
converter increases the device switching loss addaes the converter efficiency. Figure 4-18
analyzes the parasitic capacitance performancagigommutation transient in a current source
rectifier (CSR) with a freewheeling diode. Take twnmmutation in sector 1 of space vector
modulation as an example. In this sector, the inp@ phase voltages satisfiyy>
0 >Vy>V,,asFigure 4-18(a) shows. In this sector, accortbrthe switching loss optimized (SLO)
modulation which will be introduced in Chapter Betswitch S1 commutates with D and S4

commutates with S6.

Figure 4-18(b) and (c) show the transient of S4c@@mutation. At this time, S1 is ON and
D is OFF. Sinc&/,>V,, S4 turns on/off at negative voltage and S6 tomsff at positive voltage.
During S6 off, the output capacitand@.¢s = Cy4s + Cyq) 0Of MOSFET in S6 and the parasitic
capacitance(ac.q) between —DC and phase C buses are charg®¥g.bywhen S6 turns on, these

capacitances discharge and the discharging cutosva through the MOSFET and series diode,
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causing additional loss on power devices. Wheru8#stoff, the junction capacitandg;j of the
diode in S4 is charged by, and the charging current flows through the MOSFKEannel
causing power loss. At the same tindR¢.4c between —DC and phase B buses is charged too.
Figure 4-18(b) shows the process discussed abavEigure 4-18(c), the current commutates
back from S4 to S6. During this transient, S4 twfisandC; discharges through the MOSFET.

In addition, Cycqdetween —DC and phase B buses is discharged toanwhgle C,ss of
MOSFET in S6 andC,.qbetween —DC and phase C buses are charg&i:thecause S6 turns

off. The charging current @@,ssflows through the series diode and cause powsr los
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Figure 4-18. Parasitic capacitance performancendudommutation transient.
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Figure 4-18 continued.
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(d) Current commutates from S1 to D

Figure 4-18 continued.
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—e

(e) Current commutates from D to S1

Figure 4-18 continued.
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Figure 4-18(d) and (e) show the transient of StpoBmutation. At this time, S4 is ON and
S6 is OFF. S1 turns on/off at positive voltage.nkrBigure 4-18(d), S1 turns off the,ss of
MOSFET in S1 andC,c..qdetween +DC and phase A buses is charged. Theiebasgrrent of
Coss flows through the series diode. During this transi the parasitic capacitance between DC
buses Cy4) which includes the junction capacitance of D atber parasitic capacitances
discharges. When the current commutates from D lptle discharging current @, Of
MOSFET in S1 andC,..qdetween +DC and phase A buses, and the chargingntwfCgy. flow
though the power devices in S1 which will causeitamithl power loss and reduce the efficiency

of the converter, as Figure 4-18(e) shows.

Table 4-1 show the parasitic capacitances in ctugeurce converters based on the analysis
above. The capacitances, including power devicesctipn capacitances and parasitic
capacitance between AC/DC buses, which will playi@portant role on power devices’

switching performance at different commutation siants are summarized.

Table 4-1. Parasitic capacitances impacting poweicds switching in current source converter

Current commutates between two phases

Turn-on Turn-off
Switching at positive voltage Coss Cac-dc Coss
Switching at negative voltage C; G

Current commutates between one phase and freewheawdi diode

Turn-on Turn-off

SW|tCh|ng at pOSItlve V0|tage Coss Cac-dc, Cdc Coss

Even though the devices do not switch, the pacasiipacitances are still charged or
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discharged during other devices switching, dudéwvariation of the voltage across them. From

[58], the energy loss of the capacitanCe que to charging is

5;1_

where/; andV, are voltages across the capacitance before amd tai charging. The total
capacitive energy loss in sector 1 in Figure 4-1 aiven in reference [58], only considering

the parasitic capacitances of power devices

Esed = 1 Cossl.vazb + 1 Cossﬁvbi + 1 CJDVaZb + i CJ 4Vbi
2 2 2 2 (4-6)
# OV + 2 CVE +CLVE 2 CoVE

Integrating the total losses over sector 1 gives power loss due to the parasitic output
capacitances of devices in sector 1. Since allek?oss are symmetric in terms of switching

behavior and voltages, the total power loss will be

6V2, o1 3
Pcap = TVI\% [E NgCoss * E npC, j

14n—9J§J
— AA fSW

32 (4-7)

wheré/y is the rms value of the input phase voltagg,i$ the switching frequencys andnp are
MOSFET and diode paralleling number, respectivilyhe parasitic capacitance between AC

and DC buses is considered, the equation (4-7)owill

6v2 3 3 1

1
Pcap = T Vl\% (E r]SCoss + E nDCJ + E Cac—dc + E Cdc j[ (4-8)

32

147- 93
Y fSW

Both (4-3) and (4-4) are approximation since thexgpific capacitance of the power device is not

constant. The accuracy energy must be determinethtbgrating the nonlinear capacitance.
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However, the parasitic capacitances between ACRDduses which mainly come from the
PCB could be considered as constant values. Spdher loss due to the charging of these
capacitances could be estimated accurately in (4-9)

6v2, (3 1 1477-94/3
I:)cap = TVI\% (Ecac—dc + ECdCJ(TJ fow (4-9)

4.4 An Inductive Snubber in a Current Source Rectifiers

The impacts of parasitic capacitance on devicegichimg losses in current source rectifiers
are studied in 4.3. In this section, an inductimalser circuit will be developed. It reduces the
impact of parasitic capacitance across the DC larld reduces the switching loss in current

source rectifiers.

Many studies on snubber circuits have been donter&ee [127] introduces a snubber
circuit with a single capacitor and a single inductCapacitive snubber circuits are proposed in
[128] and [129] to implement a resonant circuithwaiarasitic inductance in the circuit, in order
to realize soft switching. References [69], [138hd [131] propose the inductive resonant
snubbers using active switches which increase tméra complexity. The inductive snubber
circuit without active switches, dealing with thiecait parasitic capacitance in current source

converters to reduce power devices’ switching lsskas not been developed.
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The inductive snubber is developed to reduce tfflaeince of parasitic capacitanc€)(
across the DC link, on MOSFET switching loss durmognmutation with a freewheeling diode
(Drw).Figure 4-19shows the snubber in the double ptdsgDPT) circuit based on current
source topology.The inductdtd) is connected in series withely, and paralleled with a path that

consists of a diodég) and a resistanc®&¢) in series.

DuringMOSFET turning off and Ry turning on transient, the load currehi) commutates
from the MOSFET loop to the freewheeling loop. T@eis discharged by through the
freewheeling loop. The current throuBlk andRs (Ig) increases fast todischaf@d@he inductor
current (L) increases ank}. commutates from the £Rs loop to the Ik loop gradually. Since the
l4c decreses during the freewheeling state,the voltagess thé.s (V) will be a negative value
and theDs will be reverse blocked after discharging®fAs a result]r can be neglected during
steady state of freewheeling state. The simulateeforms of this transient are shown in Figure
4-20(a).When the MOSFET turns on and thg,Burns off, theCis charged throughs because
Ds s reversed blocked.The existencd.gfeduces the charging speed®fit slows the increase
of MOSFET drain currenty) and delays the current overshoot during MOSFEmirig
on.After charging ofC, Ls continues to discharge througl andRs until I_ is 0. The simulated
waveforms are shown in Figure 4-20(b). Thehelps to speed up the decrease of the MOSFET
voltage V49 during MOSFET turning on. Thus, the overlap avééys andVys is small and the

MOSFET turn-on loss is reduced, shown in Figurel4-2
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Figure 4-21. Comparison of MOSFET turn-on simulatieaveforms with and without snubber.

The test of the snubber is conducted based on BhE drcuit in Figure 4-19. The power
MOSFET and diodes (D andqy) used in the test are the same with DPT in 4.2 pjérasitic
capacitance is 0.6 nF, mainly from the junction amaance of two paralleled freewheeling
diodes. Thdy is constant of 20 A in the test. The snubber patams ard.s = 735nH,Rs = 3Q,
andDs is 1200 V SiC diode, C4D20120A, from Cree. Theigeif DPT with snubber is shown
in Figure 4-22. Figure 4-23(a) and (b) show the NFE$ turn-on waveforms without and with
the snubber respectively, dt= 680 V. From Figure 4-23, the overlap aredyoandVys reduces
after using the snubber. The ringing in Figure 4-@nes from the MOSFET internal

capacitance and the parasitic inductance in igs.loo

80



Stop a f = I stop a { s 1

© R “ i
bl 1
hestomsmmiad (] L
: /\'\ : ! : [ A
: \ : W | I,“ / ’A .
a A an s (S AVdiv) o :\ | " lss (5 A/div)
' \ ! i |\ I [ ,’.\‘ A /_4
E \! :‘?\: vava VAYATA e
[ /
o 11 /‘ V4s (10 V/div)
< (10 V/div) \ gs
:.w\f :‘ V‘\!ﬁ \N\, ‘,mwww g :}’W , J\ ’N\ v/\ A W WS
z» Pt 1
| Vys (1 00 Vidiv) ’ Vys (100 V/div)
®MMM»~W~J I N QWWW :
memm—s XA (G 7570 Gl ] T % SR P i B
(a) Without snubber (b) With snubber

Figure 4-23. Comparison of MOSFET turn-on test iawras with and without snubber.
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Figure 4-24(a) and (b) show the simulation wavemwh MOSFET turn-on and turn-off,

with the constant parasitic capacitar@e= 0.6nF, resistoRs = 2 Q, and various inductoks
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values of 100 nH, 300 nH, 500 nH, 800 nH, and 1 Tiké voltageV is 680 V andyc is 20 A.
From Figure 4-24(a), withs increasingVys decreases fastdgs increases slower and the peak of
it becomes smaller. The overlap areal@Qfand Vys is small with largelLs, resulting in small
MOSFET turn-on loss. However, lardgleads to large snubber loss, and the spike/@f

increases slightly due to the voltage as Figure 4-24(b) shows.

5000 L=100 nH
Vds

L=1pH

T T T
39.95u 40u 40.05u 40.1u 40.
1(s)

(a) MOSFET turn-on waveforms with differdng in snubber

lgs with different Lg

1 s=A1 pH

1

\
5000 LS =100 nH Vds

(b) MOSFET turn-off waveforms with differebt in snubber

Figure 4-24. Simulated MOSFET switching waveformthwlifferent LS in snubber.

Different values ot.s are used in DPT in Figure 4-22. Because of thdlsnthuctance value
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of Ls, the air core inductor can be used, shown in Eigul5, the inductance value of each

inductor is measured by an impedence analyzer.ld$®on the snubber can be estimated by

Ps :éLSI 2 , which is stored iis and lost inRs duringLs discharging.

360nH = 526 nH 650 nH 735 nH 911 nH

Figure 4-29_sin snubber.

The MOSFET switching energyEdi+ Eor), snubber lossHg), and total loss from DPT
results, when using differeht values withvV = 680 V,Rs = 3Q, I4c = 20 A, are shown in Figure
4-26(a). From Figure 4-26(a), total lo$S.6 = Eont EoirtEs) reduces with the increasing b
value atV = 680 V. From Figure 4-26(b), there is an optirdiz@lue ofLs to minimize the total
loss atV = 340 V. Figure 4-27 shows the total loss of th®@SFET and snubber at different
voltage levels with differerits values. At different voltage levels with constaptduring current
source converter operation, the optimizgdvalues will be different to minimize the total s
So the selection dfs in the snubber will depend on the voltage rangeooiverter operation, DC

current values, and the parasitic capacitanceartiticuit.
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Figure 4-27. Total energy of MOSFET and snubbeh differentLs at different voltage levels.

4.5 Summary

In this chapter, the performance of the commei$i@l MOSFET, CMF20120D from Cree,
and SiC SBD, SDP60S120D from SemiSouth, in cusentce converters are studied. The static
tests at various temperatures show the low on-gtatstance. The low on-state resistance means
low conduction loss of power devices, which is deeninant part of power losses in the current
source converters. In addition, the DPT circuitdaasn the current source circuit is developed to
evaluate the switching performances of these dsymensidering current commutation process
in a current source rectifier. The faster switchsmgeed and lower switching loss of a SiC
MOSFET are verified, compared with traditional $wer semiconductors. Finally, the effects
of parasitic capacitance on the device switchinfopmance and converter loss in current source
converters is studied, based on the simulationextpatrimental results of a DPT. Furthermore,
the parasitic capacitances’ behavior in the cursenirce rectifier operation and their influence
on the converter efficiency are analyzed. The amlyesults show that the parasitic capacitance

will bring additional loss for power devices andduee the efficiency of current source
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converters. An inductive snubber connected in senigh the freewheeling diode in a current
source rectifier is developed. The snubber redtlicesactive switch turn-on loss by slowing

current rise speed and decreasing voltage fall.tirhe performance of the snubber is proved by
both simulation and experiments. In simulation, tharacteristics of the snubber are studied

with different parameters, and the optimized snulshews the better performance.
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Chapter 5Front-End Rectifier for High Efficiency Data Center
Power Supplies

The energy consumption of telecommunications bogsdiand data centers has been rapidly
increasing due to the widespread use of informataomd communication technology
equipment.Therefore, reduction in electricity cangtion in the telecommunication and
information industry is an important issue.In reicetudies, the 400 ¥ distribution architecture
in telecommunication and data centers has beeremqiess to have superior efficiency and

reliability, compared with the traditional AC artditure and 48 ¥ architecture[6], [132].

In this chapter, a high efficiency three-phaseenirsource rectifier, based on SiC MOSFET
and SBD, for 400 ¥; architecture data center power supply systemessgded, fabricated and
tested. In 5.1, the 400 4¥ power distribution architecture for data centerad a
telecommunications buildings is introduced and carag@ with traditional architectures. In 5.2,
two front-end rectifier topologies are compared &mel three-phase current source rectifier is
selected. The all-SiC three-phase current sourciiee is designed in 5.3, including devices
paralleling, modulation scheme, filter design aosklcalculation. Two converter prototypes are

implemented and tested, in 5.4 and 5.5 respecti¥@hally, conclusions are given in 5.6.

5.1 Introduction of DC Architecture Data Center Power Supplies

Data and telecommunication centers are major engyggumers, with energy consumption
estimated at 40 TWh in 2005 in the United Statesaland 120 TWh worldwide [10]. A very
large data center requires on the order of 10 MWpoifver to support the computing

infrastructure and this is expected to increaseOfdW in the future [6].In a typical data center,

87



less than half of this power is delivered to thenpating load, which includes microprocessors,
memory and disk drives. The rest of the power & lo power conversion, distribution, and

cooling [6].

In the United States, the medium voltage (MV) fritra utility is stepped down to 48Q,at
the building entrance. Typically a double conversloninterruptible Power Supply (UPS) is
used which supplies power to a Power Distributiamt YPDU) where the voltage is stepped
down to 208 V. This step-down is required because the Power Iguppits (PSUSs) in the
servers can accept a universal input range of 284V, and the line-to-neutral voltage in a 480

V4 distribution system is 277 which exceeds the input range of the PSU.

This conventional power delivery architecture igdamed with many conversion stages,
shown inFigure 5-1. Inside of the double converdii?S, the AC input is converted to a DC
voltage at which point it is connected to an enesigyage system, typically a battery, and then it
is inverted to AC. An isolation transformer is ubpacluded at the input or output of the UPS.
Within the PSU, the AC input is converted to a Ddltage ranging from 380 V to 410 V. This
DC voltage is stepped down with an isolated DC-D@verter to a low voltage, typically 12,V
or 48 Vy: (12V is assumed in this chapter). Some loads, sgchard drives, can accept 12 V
directly while others, such as microprocessors @mednory, need voltage regulators (VRS) to

step the voltage down further. Server fans alsaditectly off 12 V.

DC distribution offers higher efficiency by elimiivag the inverter (DC/AC conversion
stage) in the UPS, the AC/DC converter in the P&vell as the transformer in the PDU. DC
distribution at 48 \, as shown inFigure 5-2, iscommon in telecommuraodacilities. While it
provides high efficiency,its applicability to largiata and telecommunication centers is limited

by thehigh currents when distributing power excegtiMW at such a low voltage. The amount
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of copper required to limit cable losses to a dpegtievel increases with decreasing voltage, and

is in theory inversely proportional to the squalr¢he distribution voltage [6].
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Figure 5-3. 400 \distribution.

Currently the DC distribution directly to the PS8 limited to 48 \i. as servers are only
manufactured with a universal AC input range onN48input. Since an AC PSU contains a DC
bus voltage in the range of 40Q.Vit can be seen that with simple modificationghle PSU, a

~400 V4. compatible input PSU may be developed, as showigume 5-3. Voltage levels
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ranging from 300 ¥ to 400 4. have been proposed in [133]-[135]. Distributiortregse higher
voltages results in a slightly higher efficiencaththe 48 \distribution, since the UPS does not
have to be isolated.Table 5-1compares the effigiaviceach conversion stage in different

architectures, using the power delivery efficienoydel[6].

Table 5-1.Calculated efficiency comparison at lodid

480 Vjc distribution | 48 Vg distribution | 400 V. distribution
UPS 94.00 92.86 95.32
PDU 94.03 96.11 96.78
PSU 87.56 91.54 89.05
VR 87.69 87.69 87.69
Total 67.97 71.85 72.70

The efficiency of each conversion stage in dataezgyower supply system is expected to be
increased in order to improve the efficiency of thieole system. Recently, Delta Electronics
developed a three-phase rectifier for high voltdd€ distribution of data center power
supplies[136]-[137]. The AC-DC converter efficienof 97% is achieved. In this chapter, the
first stage in a 400  distribution system, a front-end rectifier, is id@ed and tested. SiC

power devices are used to reduce the power semictord’ losses.

5.2 Front-End Rectifier Topologies

In this section, two different topologies of 15 KWWee-phase rectifier are designed.The goal
ofdesign is high efficiency. For each topology, Iheses of both Siand SiCbased converters are

calculated.Table 5-2lists design specifications.
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Table 5-2. Specifications of 15 kW three-phaseifiect

Power rating 15 kW
Input voltage Three-phase 480,y
Input range +10%
Output voltage 400 Vdc
Input power factor >0.99
Current total harmonic distortion <5%
Operating temperature 50°C

5.2.1 Two-Stage Rectifier

The topology of the three-phase rectifier considtéree single-phase converters. For each
phase, there is a two-stage rectifier, as Figuréstbws. The first stage is a diode
bridge.According to the requirements of input antpat voltages, the second stage is a DC-DC

converter.Both Si and SiC based rectifiers werégesl.

B cdcvdc

Figure 5-4. Two-stage three-phase buck rectifipokagy.
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The Si CoolMOS, IXKP13N60C5 from IXYS[138], was seled as the active switch,
because an IGBT based converter suffers from highatiching losses than MOSFET based
converter due to much higher switching energietheflGBTs and also from higher conduction
losses, as the on-state voltage drop of the IGB@sdwot scale down linearly with devices
paralleling number. The switching frequency is 2 Kthe method of switching frequency and
device paralleling number selection will be introdd in section 5.3).The components in a Si
based two-stage rectifier are listed in Table $8luding the devices paralleling numbers.The
losses, weights and volumes of them are shown ieTa#d. Figure 5-5shows the distribution of
loss, weight and volume of Si based two-stage frectiThe calculated efficiency of this

converter is 98.29%.

Table 5-3.Components of Si based two-stage rectifie

Component Value Specification Physical design
Active switch 6 paralleled 600 V Si IXKP13N60CS5 (IXYS)[138]
MOSFETs (CoolMOS)

Diode in DC- 600 V fast recovery IDP30E60C (Infineon)[18]

DC converter diode

Diode in diode 800 V rectifier diode DSI30 (IXYS)[138]

bridge
Heatsink Aavid Thermalloy Extrusion 82160

Cs 20pF x 3 400 ¢ Epcos B32360
Cac 1900uF x 1 400 V¢ Epcos B43750
Ldc 45mH x 3 Ims=12.5 A Hitachi FINEMET FT-3M EE core

* Lds 1uF and is neglected because of the existence oirlipedance.
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Table 5-4.Loss, weight and volume of Si based ttages rectifier

Power Device | Heatsink Ge Lac Cs Total
Loss (W) 218.8 0 7.6 33.6 0.1 260.2
Solid volume (cn) 43.8 1958.6 663.2 4299.4 463.3 7428.2
Weight (kg) 0.1 2.0 0.9 14.8 0.6 18.4

Power Devices
1%

Cs Power Devices Heatsink
0.03% 1% 11%
Cdc \

: \

Cdc

Cs
6%

(a) Loss (b) Volume (c) Weight

Figure 5-5. Loss, volume, and weight distributidrSobased two-stage rectifier.

The SIiC JFET, SJEP120R063 from SemiSouth [20] ai@l dfode, C3D20060D from
CREE [19] were selected as the power devices inlfai§ed two-stage rectifier. The switching

frequency is 46 kHz.

The components’ informationofSiC based two-stageifrer are listed inTable 5-5. Table
5-6shows the loss, weight and volume of these commts, and their distribution is shown

inFigure 5-6. The calculated efficiency of the certer is 98.77%.

5.2.2 Single-Stage Rectifier

Three-phase current source rectifier (CSR), showhRigure 5-7, is a selection of topology
to realized 480 Y to 400 V4. through one power conversion stage. Three-phast dd@s not
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have phase-leg shoot-through issue and can limisimcurrent.

Table 5-5.Components of SiC based two-stage rectifi

Component Value Specification Physical design
Active switch 4 paralleled 1200 Y  SJEP120R063 (SemiSouth)[20]
SiC JFETs
Diode in DC- 4 paralleled 600 V C3D20060D (CREE)[19]
DC converter SiC diodes
Diode in diode 4 paralleled 600 V C3D20060D (CREE)[19]
bridge SiC diodes
Heatsink Aavid Thermalloy Extrusion 8259(
Cs 20puF x 3 400 Ve Epcos B32360
Cac 1900uF x 1 400 e Epcos B43750
Lgc 45 mH x 3 Ims=12.5A Hitachi FINEMET FT-3M EE core

* Lds 1uF and is neglected because of the existence oirfipedance.

Table 5-6.Loss, weight and volume of SiC based $tege rectifier

Power Device | Heatsink Ge L dc Cs Total
Loss (W) 161.4 0 7.6 17.8 0.1 186.6
Solid volume (Crr?) 1254 1297.0 663.2 3348.0 463.3 5897
Weight (kg) 0.4 1.4 0.9 10.5 0.6 13.8
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Figure 5-6. Loss, volume, and weight distributidr&eC based two-stage rectifier.
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Figure 5-7. Three-phase single-stage rectifierrénirsource rectifier) topology.

The components in the Si based single-stage mctfie listed inTable 5-7. The switching
frequency is 20 kHz.The loss, weight and voluméhalse components are given inTable 5-8,

and the distribution is shown inFigure 5-8. Thecaklted efficiency of the converter is 97.85%.
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Table 5-7.Components of Si based single-stagdfiezcti

Component| Value Specification Physical design
S1~S6 2 paralleled Si IGBT: Infineon IKW40N120T2[18]
IGBTs + Si diode Diode: Fairchild RHRP30120[139]
D Si diode Fairchild RHRG75120 [139]
Heatsink Aavid Thermalloy Extrusion 83250
Cs 25 uF 400 Ve Epcos B32928E3256
Cuc 20 uF 400 Ve Epcos B32676G4206
Ry 0.47Q ms = 0.87A Rohm MCR25JZHFLR470
Ls S55uH Irms = 18.06A Magnetics R type Ferrite EE core, AWG#15, 19 turns
Lqg 25uH rms = 18.06A Magnetics R type Ferrite EE core, AWG#16, 14 turns
Lac 2.3 lrms = 37.5A Magnetic Metals 3% Grain Oriented Si Steel
mH core, AWGH#8, 56 turns

Table 5-8.Loss, weight and volume of Si based sHstihge rectifier

Power Device| Heatsink Cac Lac Input Filter Total
Loss (W) 265.3 0 7.6 0.5 47.7 329.7
Solid volume (cnr) 30.0 977.6 56.7 1689.2 663.2 3280
Weight (kg) 0.1 1.3 0.9 0.02 5.7 8.7
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Figure 5-8. Loss, volume, and weight distributidrSobased single-based rectifier.

Table 5-9.Components of SiC based single-stag#ieect

Component| Value Specification Physical design
S1~S6 6 paralleled SiC JFETs + JFET: SemiSouth SJEP120R063[20]
6 paralleled SiC diodes| Diode: SemiSouth SDP30S120[20]
D 6 paralleled SiC diodes Diode: SemiSouth SDP20&D]
Heatsink Aavid Thermalloy Extrusion 83250
Cs 24 uF 400 V¢ VISHAY MKP339X2 x 5
Cac 75uF 400 Vyc Epcos B32778
Ry 0.39Q ms = 0.27 A Rohm Semiconductor MCR10EZHFLR390
Ls 30uH Ims = 18.06 A Magnetics R type Ferrite EE core,
AWG#10, 10 turns
Lac 1.3 mH lims=37.5A Hitachi FINEMET FT-3M EE core,

AWGH#4, 23 turns

The components in the SiC based single-stage isxcdife listed inTable 5-9. The switching
frequency is 35 kHz.The loss, weight and voluméehese components are given inTable 5-10,

and the distribution is shown inFigure 5-9. Thecakdted efficiency of the converter is 99.03%.
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Table 5-10.Loss, weight and volume of SiC basedlsigtage rectifier

Power Device| Heatsink Cuc Ldc Input Filter Total
Loss (W) 112.9 0 11.8 0.1 22.4 147.1
Solid volume (cn) 123.6 202.0 77.6| 1583.7 477.7 24646
Weight (kg) 0.5 0.3 1.4 0.03 5.4 7.5

Ldc

EMI filter ‘
8%

(a) Loss

Heat sink
9%

Power
devices
6%

Heat sink
4%

EMI filter
20%

F \ EMI filter
19%

Cdc
3%

(b) Volume

(c) Weight

Figure 5-9. Loss, volume, and weight distributidrseC based single-based rectifier.

5.2.3 Topologies Comparison

Based on the design results, Table 5-11comparean&i SiC based, 15 kW, AC-DC

converters for the two different topologies. Thés®e rectifiers are compared inFigure 5-10,

which shows the advantages of the SiC based camvénfigure 5-10, the loss, weight and

volume of a Si devices based rectifier are norradlizo unity. Figure 5-11compares two

topologies based on SiC devices, in which two-stagtifier results are normalized to unity.

From Figure 5-11, a single-stage rectifier, e.ge@hphase current source rectifier, has lower

losses, weight and volume. Therefore, it is setbatethe topology of front-end converter in 400

V4 architecture data center power supply system.
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Table 5-11.Design results comparison of 15 kW fiecti

Loss (W) | Solid volume (cn) | Weight (kg) | Efficiency
Two-stage Si based 260.2 7384.4 18.4 98.29%
rectifier
SiC based 186.6 5771.6 13.8 98.77%
Single-stage Si based 329.7 3250.0 8.7 97.85%
rectifier
SiC based 147.1 2341.0 7.5 99.03%
1
08
06 = Si-Based = Si-Based
04 | u SiC-Based = SiC-Based

02

Loss

Volume Weight

(a) Two-stage rectifier design results

Loss Volume Weight

(b) Sindkegs rectifier design results

Figure 5-10. Comparison of Si and SiC based recsfi

09
08 |
07
06 |
0.5
04 |
03
02
01

Loss

Volume

Weight

u Two-stage
rectifier

u Single-stage
buck rectifier

Figure 5-11. Comparison of two topologies base&i@hdevices.
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5.3 Three-Phase Buck Rectifier Design and Loss Calculan

In this section, a 7.5 kW three-phase current sotgctifier using SiC MOSFETs and SBDs
is designed and its losses are calculated. Thgmegiecifications are listed inTable 5-12, and
the circuit is shown in Figure 5-12. Based on IEREndard on Power Quality 519, the AC side

(grid side) current THD should lower than 5% anavpofactor should larger than 0.99.

Output filter

— Vdc

Figure 5-12. Three-phase current source rectifier.

Table 5-12.Specifications of 7.5 kW, all-SiC thigsase current source rectifier

Power rating 7.5 kW
Input voltage Three-phase 480,y
Input range +10%
Input current 9A
Output voltage 400 Vyc
Output current 18.75 A
Input power factor >0.99
Current total harmonic distortion <5%
Operating temperature 50°C
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5.3.1 Control and Modulation Scheme

The control algorithm of the CSR is shown in Fig6r&3. The main control loop includes
the outer DC voltage control loop and inner DC entrcontrol loop. In the DC current control
loop, the DC current in the output DC inductorad back to the current compensator to generate
Dy, the duty cycle on the d axis. A Pl compensatategved in (5-1), with 986 Hz bandwidth

and 60.8° phase margin.

Hp ige = 38.33x{%j

s (5-1)

In the outer DC voltage control loop, the DC vodagn the DC capacitor is fed back to the
compensator to generate the DC current referencén@inner DC current control loop. The
transfer function of the PI controller in DC voleaglosed loop is given in (5-2), with 493 Hz

bandwidth and 75.3° phase margin.

(5-2)

Hp vac = 88587x (—1+ 0'004$j

S

To compensate the displacement power factor caigebe input filter, an input filter current
compensation unit is introduced to generate thepemsation duty cycleBycomp and Dgcomp
which would be added Dy andDger (the duty cycle reference on the q axis which as the

unity-power-factor rectifier) [140].

The performance and dynamic response of the cdartnsl verified by Matlab Simulink.
Figure 5-14 to Figure 5-16 show the response @ st@nge of load, DC voltage reference, and
input voltage, respectively.+10% step change happen.04 s and -10% step change happens at
0.08 s.It is obvious that the designed control adlgm works well under different conditions for

CSR.
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Figure 5-13. Three-phase current source rectibetrol algorithm.
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Figure 5-14. Waveforms when load changes +10%.
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Figure 5-15. Waveforms when DC voltage referen@ngks £10%.
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Figure 5-16. Waveforms when input voltage chande94

The modulation scheme used for the high efficiebagk rectifier is the switching loss
optimized (SLO) modulation scheme, which has beareldped in [82]-[83] and proved to be
able to obtain the lowest power loss and increastfier efficiency [84]-[85].It is a symmetric
SVPWM with 12 sectors, as shown in Figure 5-17(a) @). The space vectors are arranged so
that the average switching voltage is lowest in sytric modulation schemes.In sector 1, for
example, the vector, commutating with zero vectg); (s 11 notl,, because the voltag¥€,j| <
[Vadl in sector 1 from Figure 5-17(a).Figure 5-17(cpwb the gate signals in one switching

period {Ts) in sector 1.The zero vectors are realized by gotidg a phase-leg (S3 and S4).

S 400 Vi Vol VTV $1 b [ [ Lo
%200—' 4L INA L L S2 i i i i i i
g | | | |
2 s3 — 1
2 200 sa LI T 4
= a0 | s§ L+
/3 2"l3(p (:; q )41T/3 5m/3 2w +— S6 E_! E E !_E

Ll lo ' h

> T >

(a) AC capacitor voltage (b) Sector division (c) PWM signals in sector
waveforms with 12 sectors 10

Figure 5-17. Switching loss optimized modulatiohesoe for CSR.
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5.3.2 Device Paralleling and Switching Frequency

The losses of a converter can be divided into thedegories: losses of the semiconductors,
losses of the passive components, and the losdbe aluxiliary circuit. Each of them should be

minimized in order to increase the efficiency o ttonverter.

As the dominant part of converter losses, the bs$semiconductors need to be considered
first and are the main focus of the efficiency optation for the converter. In this chapter, SiC
MOSFETs tested in chapter 4 are used instead dftibmal Si IGBT, due to their better
switching performance and low forward voltage whearalleled to increase efficiency. In
addition, the SiC SBDs measured in chapter 4 a@d because of their low conduction loss and

negligible reverse recovery loss.

In high efficiency converters, power devices areajeled to reduce the power losses.
Paralleling devices will reduce on-state resistaao# conduction loss. However, switching loss
may increase. For designed CSR in this chaptemnyr€i®-18 shows the total losses of the
MOSFETSs and diodes with different paralleling nunsbie each switching element, at switching
frequencyfsy of 28 kHz. From Figure 5-18, the curves are nefidtywhen MOSFET parallel
numberns> 4 and diode parallel numbeg> 2. Considering both efficiency and cast,= 4 and
np = 2 are selected. Based on the test results iptehd, the calculated loss distribution of
power devices in this CSR at full load, 7.5 kWs®own in Figure 5-19. The assumed devices’

operating temperature is 50 °C.

Generally, the selection of switching frequency trhesperformed for the overall system. It
is closely related with power devices’ switchingdes and passive components’ losses as well.

With higher switching frequency, power devices’ tehing is larger, but the loss of DC inductor
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will be smaller because a smaller DC inductor valoeld be selected. For the CSR designed in
this chapter, the loss comparison at different@vig frequencies is shown in Figure 5-20. The
converter loss at 20 kHz, 28 kHz, 35 kHz, 46 kHr] &0 kHz are compared because the cutoff
frequency EMI filter is lower when designed undbBede switching frequencies than their

adjacent frequencies.The power devices’ lossesidecthe losses in Figure 5-19. The passive

components’ losses include the losses of DC indudd capacitor, and EMI filter. The

auxiliary circuit loss is 12 W.

12
MOSFET
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S Freewheeling diode
~ g _
3 b A=k A—4k 4
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8 ..
S 4 oy O BN N W
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o §

o 1 2 3 4 5 6 7 8
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Figure 5-18. SiC devices’ total losses vs. pamtleilumber.

Figure 5-19. Power devices loss distribution of GBRull load.
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Figure 5-20. Rectifier loss vs. switching frequency

From Figure 5-20, this CSR obtains the lowest pdags when dyw = 28 kHz, so 28 kHz is

selected as the switching frequency.

5.3.3 Filter Design and Loss Calculation

The filter of the three-phase current sourse riectihcludes the output DC side LC filter
and the input AC side LC filter. The DC side indardty; and capacitoCq. were used as the
energy storage components. AC side LC filteygndCyg) is used to meet the harmonic and EMI

standard. The ambient temperature in the desigassmed to be 50 °C.
A. DC filter design and loss calculation

The DC inductdryc is designed based on the DC current ripple of 2Q%t full load and
the DC capacitdy. is designed based on the output voltage rippE26¥/4..With the method in

[125], the value oL 4. andCgycareselected to be 1.65 mH and 150 respectively.

Three 50uF/450 Vg film capacitors are paralleled to buildy. in order to reduce the

equivalent series resistance (ESR) and capaclumss
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As the energy storage component, the DC inductsrsignificant contribution to the total
loss, weight and volume of the whole CSR.There raemy types of materials available for
building the inductors, including tape wound makfisilicon steel, supermendur, orthonol,
permalloy, amorphous alloy, nanocrystalline alloyg.)e powder material (molypermalloy,
nickel/iron etc.), and ferrite material.For the @luctor design, the current is large in the
inductor so that the inductor needs to bear higk iih it. By introducing an air gap, EE cores or
cut cores can reduce the equivalent permeabilidyaaieve high inductance under large current.
Also the powder toroid core can be used to buildiBdiictors because it has a distributed air

gap in the material.

In order to find a suitable core for the low los€ Dnductor, different materials are
compared in Figure 5-21. The design specificat®®.B25 mH, 18.75 A DC current, and the
switching frequency is 28 kHz. The x axis is theengauge and the y axis is the inductor loss.
As shown in Figure 5-21, the inductor loss is défg for each material under different wire
gauges, and there exists a minimum point in eackectut is obvious from Figure 5-21 that the

inductor using nanocrystalline core has the lowesst than other cores.

A nanocrystalline cut core designed and used tll lthée DC inductor of CSR is shown in
Figure 5-22. The design data are listed in Tabl&5The copper foil is used as the conductor
instead of solid wire, because it was much easi®enhd and its copper loss was smaller at high
frequency. The loss of the copper foil could becgkaited with the method in [141] and the core
loss is calculated with GSE [142]. The kapton fisrused as the insulation for the inductor. The
copper foil windings, 21 turns each leg, keep awamn the air gap to avoid additional loss due

to the high temperature around air gap.
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Figure 5-21. Material comparison for DC inductosige.
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Figure 5-22. Structure of the DC inductor.
Table 5-13.Design data of DC inductor
Core Type Lac Turn Total loss Weight
Cut core Nanocrystalline 1.65 mH 42 (21 each leg 6.8 W 2.0kg
Dimensions
Core D 43 mm E 22 mm F 55 mm G 22 m
Copper foil Thickness 0.254 mm Width 50.8 mm
Kapton film Thickness 0.127 mm Width 63.5 mm
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A photo of the constructed DC inductor is showrFigure 5-23 and its measured value is
shown in Table 5-14. The measured value of the ¥Ddtor is higher than the designed value.
That is because the air gap (0.72mm) is a littlelken than the designed value (0.75mm).
Considering the permeability will be smaller un@® bias, the inductor value will be smaller
under DC bias. So this value is acceptable andvhding turns can be reduced to adjust the

inductor value if needed.

a-Nano Core+

Figure 5-23. Photo of the DC inductor.

Table 5-14.DC inductor measurement results

Inductor Equivalent Parallel | Resonant Frequency
Capacitance (EPC)

Winding 1 480uH 132 pF 627 kHz
Winding 2 470uH 140 pF 619 kHz
Total 1.92 mH 38 pF 587 kHz

B. ACfilter design and loss calculation
The input filter is the LC filter to meet the inpetirrent harmonics lower than 5%. In each
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phase, the input capacitor consists of four pdeallé.5 pF/330 Vac film capacitors, whose loss
can be neglected. The inductor cores with high pability and low core loss are suitable to
build the AC side inductors. With high permeabilitgwer winding turns can be used to reduce
copper loss. Ferrite R, EE coreis selected to kh#dAC inductors. 13 turns of #12 AWG wire

are used for the inductor in each phase. The pbiofeC inductors is shown in Figure 5-24. The

AC inductors’ total loss is 6.1 W, the weight ig® kg, and the volume is 163.2 riThe total

power loss of these inductors with paralleled @@amping resistor in each phase is 10.57 W.

Figure 5-24. Photo of the AC inductors.

5.3.4 Design Results and Comparison

According to the design and loss calculation abdle,power loss of SiC based 7.5 kW
three-phase current sourcerectifier with 28 kHzdwng frequency is 91.52 W at full load. The
weight is 4.4 kg, and the solid volume is 14173cifhe design results are listed inTable
5-15.Figure 5-25(a)-(c) show the loss, weight, armume distribution of the rectifier,

respectively.

To show the advantages of SiC power devices inldpmeent of high efficiency converters,
other combinations of power semiconductors are idensd for three-phase buck rectifiers for

the same application. The losses of these redifiez calculated and compared with the all-SiC
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rectifier presented above. These converters aoedalsigned based on the specifications in Table
5-12. Considering the 680 V amplitude of input indine voltage across switches and the
voltage overshoot during a switching transientyd#00 V power devices are investigated. The
first rectifier is based on Si IGBTs and Si diodal-Si rectifier). The second one is based on Si
IGBT and SiC Schottky diodes (Si-SiC rectifier).eTthird one is based on Si reverse blocking
IGBTs (RB-IGBT rectifier). The power devices in baectifier are selected due to their low loss.
For example, 1200 V Si IGBT IKW40N120T2 [18] is ds@ all-Si rectifier because its power
loss is smaller than other 1200 V Si IGBTs in thgplication according to calculation. The
device paralleling number is decided by consideboth conduction loss and switching loss.
The switching frequency selection and comparisoyeas the same with the all-SiC rectifier.
To avoid large passive loss and large DC inductdhis current source converter, low switching
frequencies are not considered. From calculatifrkt2z is used for these three rectifiers due to
the high switching loss of Si active switches, vhincreases the total loss at higher switching

frequencies.

TN\
W

(a) Loss distribution (b) Volume (c) Weight

Figure 5-25. Loss, volume, and weight distributodry.5 kW CSR.
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Table 5-15. 7.5 kW, SiC basedCSR design results

Power device Switching | Cooling Power loss Solid Weight
frequency volume
SiC MOSFET (4 in parallel) 28 kHz Liquid 91.52W @ | 1417 cnd 4.4 kg
SiC diode (2 in parallel) cooling | full load

The total loss of the all-Si rectifier is 241.1 W #full load, using 1200 V IGBT
IKW40N120T2 and 1200 V diode RHRG75120 [139]. Se tonverter full load efficiency is
96.89%. The devices’ paralleling numbegst = np = 2, because the loss of paralleled IGBTs
achieves the lower value withggr = 2 than with other paralleling numbers. Due te High
switching loss of Si IGBT, the dominant portiongmiwer losses is the IGBT switching loss of

82.2 W, higher than IGBT conduction loss of 39.6¥ series diode conduction loss of 59.6 W.

For the Si-SiC rectifier, the use of 1200 V SiC &tky diode SDP60S120D helps to reduce
diode conduction loss and avoid losses causeddudedieverse recovery. However, most of the
loss still comes from the IGBT switch loss. Withvibes’ paralleling numbemnggr = np = 2, the

total loss is 171.9 W, resulting in rectifier fidlad efficiency of 97.76%.

The reverse blocking IGBTs (RB-IGBT) have advansage current source converters
because of their characteristic of bidirectiondtage blocking. Series diodes can be eliminated
after using RB-IGBTs. However, the high current rsb@ot during turn-on transient and long
tail current during turn-off cause high switchirgg$ of RB-IGBT. The losses of RB-IGBT in
this rectifier are estimated based on[143]. Pdnatjalevices will not help to reduce the total loss
of RB-IGBT in this application, because the reduttof conduction loss is small due to the
built-in voltage and the switching loss is large. BB-IGBT is not paralleled in this design and

Nre-ce= 1. The freewheeling diode selected is SiC Schatikde SDP60S120D ang, = 2.
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The total loss of RB-IGBT rectifier is 195.8 W aiie full load efficiency is 97.46%.
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® Active switch conduction loss ® Active switch switching loss

= Series diode conduction loss = Series diode switching loss

= Freewheeling diode conduction loss " Freewheeling diode switching loss
® Other losses

Figure 5-26.Comparison of current source rectifirsed on different power devices.

Figure 5-26 shows the power loss distribution aochgarison of buck rectifiers based on
different power switches combinations. Other las$-igure 5-26 includes device driving loss,
passive loss, and auxiliary circuit loss. From Feg®-26, all-Si rectifier has mostly IGBT
switching loss. The conduction losses of diodes KBBTSs are large too, which cannot be
reduced significantly by paralleling due to thelbun voltage. By replacing Si diodes with SiC
Schottky diodes, diode conduction loss decreashs. IGBT switching loss is also reduced
because of negligible reverse recovery of SiC Skiatiode. The sum of conduction losses of
active switches and diodes, which is larger thaBTGwitching loss in all-Si and Si-SiC
rectifiers, is significantly reduced when using REBTs. And the RB-IGBT rectifier is more

efficient than all-Si rectifier. However, RB-IGBTW#ching loss is too large and limits converter
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efficiency. In the all-SiC rectifier, power lossekactive switches are much lower than other Si
active switches. The switching loss decreases derably by using SiC MOSFETs, and the
series diode conduction loss becomes the dominamibp of the total loss. Thus, the all-SiC

rectifier will be more efficient at light load cottidns.

Specifications

Topology selection Power device selection Passive design &
loss calculation

Low loss control Device loss Switching
& modulation calculation frequency
Thermal design Device paralleling
& calculation Auxiliary circuit design number
PCB design Software development

Converter fabrication & test

Figure 5-27. High efficiency three-phase convediesign procedure.

Figure 5-27 shows the procedure of high efficiettoge-phase converter design. Basedon
design specifications, the low loss topology andigrodevices can be selected. When calculating
the power devices’ loss, the thermal design, switgtirequency, device paralleling number,
selected modulation scheme and auxiliary circuniusth be considered. The devices’ loss should
be calculated based on its junction temperature.ddvice paralleling number should be decided

based on calculated devices’' losses considerinigrdift switching frequency. In addition,
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passive components’ design should considering despgcification and switching frequency.
The switching frequency can be selected after coisgraof converter loss at different switching
frequency values. Power devices may need to bdeotsd after the device loss calculation.
After the loss calculation of the converter, PCBwEd be designed with minimized parasitics
and control algorithm needs to be developed. Fatap is the converter test and function

realization.

5.4 Three-Phase Current Source Rectifier Prototype— |

5.4.1 Power Stage Design and Structure

The three-phase CSR test was conducted based air¢b& shown inFigure 5-12. Figure
5-28shows the prototype of all-SiC three-phaseerursource rectifier and Figure 5-29 shows
the structure of it.The controller hardware incls@DSP board and an interface board. The DSP
board used is the Tl eZdspTM F28335 evaluationdoBine control algorithm of the converter
is realized on the DSP board. The interface boatsl @s the interface between the DSP board
and the main board. It is used to realize sengprasiconditioning, PWM signal conditioning,
hardware protection, and auxiliary power supply.irtierface board and DSP board are attached
to the top of the main board, which hosts poweriaisy gate drivers, sensors, AC input
capacitors, and DC output capacitors.The signals fthe outputs of sensors are sent to the
interface board from the main board, and then gettie DSP for calculation. The DSP outputs
PWM signals to drive power MOSFETs on the main totarough the interface board.The
power for sensors and power devices’ gate driverdhe main board is obtained from the

interface board.

The cold plate is beneath the main board. The thkstructure is shown inFigure 5-30. The
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power devices are under the main board and fixetth@mop surface of the cold plate by screws.
The thermal pad, which is put between the poweicgeand the surface of the cold plate for
insulation, is Sil-Pad 600. The cold plate seledtedhe test is the six-pass tube cold plate,
416101U00000G, from Aavid[144], as shown inFigw&15 Thermal calculation is based on the
calculated power device loss. The maximum junctemperature ofthe SIC MOSFET in the

converter is 125 °C and SiC SBD maximum junctiongerature is 175 °C. Temperature rise on
each part and total temperature rise at liquid eatpre of 50 °C and flow rate of 5.68 liter per
minute (LPM), 1.5 gallon per minute (GPM),at 28 kblzitching frequencyare shown in Table

5-16.

DSP boarc DC capacitors
Interface board DC inductor connector

AC input terminal AC capacitors Main board
AC inductor connector Cold plate

Figure 5-28. 7.5 kW, all-SiC three-phase currentrse rectifier prototype.
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Idc, vdc
—> Interface board
Hardware Auxiliary
Pwﬂl protection power supply
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Iabc, Vabc

Main board

Figure 5-29. Three-phase current source rectifrecture.

«— Main board ———> SN, e
Screw R 2
<+—Power devict

[ ——Thermal pad

\

Figure 5-30. Thermal structure of three-phase otiseurce rectifier.

Cold plate

117



610 *15

(2.40 +0.06)

14.0
(0.55)— P

T
\—l ******************** 0 i
'

177.8

902 =15

(7.00)

I 18.0TYP

(@1 ____________________ . L071)  (355£006)
| | @
@(—l | =
43.7*1 15
(1.72 £ 0.06)
Y
20.1 TYP
(0.79) —»

16.1

(0.64);7

Figure 5-31.Six-pass tube cold plate.
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Table 5-16. Thermal calculation with 28 kHz switghifrequency and 50 °C coolant

Power device Thermal pad Cold plate
temperature rise AT | temperature rise AT | temperature rise AT
(°C) (°C) (°C)
MOSFET 0.44 15
Series diode 0.70 2.3 0.5
Freewheeling diode 1.22 4.0

5.4.2 Experimental Results

The rectifier is tested with resistor load, 48 M.sline-to-line input voltage and 4004y
output voltage, from 1 kW to full load. The overlame used in the test is 400 ns to avoid DC

current interruption during current commutationgass. Figure 5-32 shows the test setup. The
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input voltage is provided by AC power supply FCSi&ell from California Instrument. The
load bank is consisted by 24 &) 1 kW resistors. The power devices are cooledhkyliuid
with 50% ethylene glycol, 50% water, provided bychiller. The liquid flow rate is 5.68
LPM(1.5 GMP) which is recommended by the cold plased. The liquid temperature at the
chiller output is 50 °C. The voltages are measurgdiifferential probes Tektronix P5205, the
AC current is measured by the current probe Tektré@P202, and the DC current is measured
by the current probe Tektronix TCP305. Figure 5sB8ws the waveforms of DC voltagé,),

DC inductor currentlf. ), AC side phase A current,d, and voltage \(s), at full load, with
chiller output temperature of 50 °C.The input povaator is 0.9996 and the input current total
harmonic distortion (THD) is 2.9%, which meet tleguirement in Table 5-12. According to the

specifications shown in Table 5-12, the converter work with input voltage range of 480 V +

10%. The test waveforms are shown in Figure 5-3&fol) (c).

d

—
B . i mnm

1 Control PC
N

Figure 5-32. All-SiC current source rectifier testup.
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Figure 5-33. All-SiC current source rectifier tastveforms.

The power of the converter is measuredby the p@amatyzer, PZ4000, with measurement
module P/N 253752 (1 kVrms and 20 Arms rating) fr¥imkogawa[145]. The measurement
sample rate is 1 MS/s, and 10 line periods (1 ra) dre used for efficiency calculation. For the
efficiency calculation, input line currents andélto-line voltages are measured to calculate
input power Py,), given in (5-3), and output DC current and vodtage used to calculate output

power Pou), given in (5-4). The 12 W auxiliary circuit loéB,,,) from the DSP evaluation board
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and interface board is included in the efficien@lcalation. Finally, the efficiency of the

converter 4) is calculated by (5-5).

I:)in = Iaxvac+|bvac

(5-3)
Pout = Tae X Ve (5-4)
P t
= —=—x100%
7 P * P i (5-5)

Buck Rectifier Efficiency

99
98.5
< 98 <1 MOSFET,
3;. 1 diode
0 &2 MOSFETs
[ 1]
.g 97.5 2 diodes
£ g7 +3 MOSFETs,
w 2 diodes
9¢4 MOSFETs,
96.5 2 diodes

96

0 1 2 3 4 5 6 17 8
Output Power (kW)

Figure 5-34. All-SiC CSR efficiency at 50 °C witkifdrent device paralleling number.

Table 5-17 shows the converter efficiency at déferoutput power levels at 50 °C chiller
output temperatures, with 4 paralleled SiC MOSFERg 2 paralleled SiC diodes in each
switching element. The full load efficiency of C8R98.54% and the highest efficiency is 98.55%

which appears at 6.4 kW output power. From Table8 Swhich lists the full load efficiency at
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50 °Cwith different device paralleling numbers, {G8R efficiencyis increased from 98.01%
with single MOSFET and single diode to 98.54% witlur paralleled MOSFETs and two
paralleled diodes.Figure 5-34 shows the efficiecagves. From Figure 5-34, the paralleling of
power devices decreases converter efficiency at llmwds because the paralleling increases

switching loss which is more dominant at low povesels.

Table 5-17. All-SiC CSR efficiency with 4 paralldiMOSFETs and 2 paralleled diodes

Output power CSR efficiency

1 kw 96.42%

2 kw 97.77%
3.2 kw 98.26%

4 kW 98.40%
5.33 kW 98.53%
6.4 kW 98.55%
7.6 kW 98.54%

Table 5-18. All-SiC CSR efficiency at full load

Device paralleling number CSR efficiency at full lad
1 MOSFET and 1 diode 98.01%
2 MOSFETs and 2 diodes 98.35%
3 MOSFETs and 2 diodes 98.50%
4 MOSFETs and 2 diodes 98.54%
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5.5 Three-Phase Current Source Retifier Prototype — Il

An updated hardware prototype of a three-phase @Ssection 5.4 was developed and

tested experimentally. The modular design is dbeedrin this section.

5.5.1 Modular Designed Current Source Rectifier

Based on the converer design in section 5.3, eaitbhsng element includes four paralleled
discrete SiC MOSFETs and two paralleled discre@ Sthottky diodes. In the hardware design
in section 5.4, the main board holds all the pod@rices. The failure of any power device will
cause the replacement of the hold board and otbeéces, which will increase the cost and
recovery complexity. In this section, all power @eg in each switching element and MOSFET

gate driver are prepared on the separated modwdersin Figure 5-35.

DCbus AC bus Diodes MOSFETs

‘, drive
. :/ power
supply

n

Figure 5-35. Swithing element module in CSR.

Figure 5-36 shows the structure of the CSR prowmtyach switching element module is

connected to the main board through a DC bus céonead an AC bus connector. This will
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simplify the DC and AC buses layout on main boardeduce the overlap area between AC and
DC buses and two DC buses, in order to reducedhasitic capacitance. The switching element
module receives the PWM signals from the interfaoard through the main board. The

separation of the gate drives from the main boatddto reduce the influence of the high power
on gate drive singals. The main board only holdscafacitors, current and voltage sensors, and
the device overvoltage protection circuit. There avo DC current sensors, one is arranged in
the positive DC-link and another one is arrangethennegative DC-link. With two DC current

sensors, the circulating current can be sensed sdneral rectifiers are operated in parallel. The
paralleling operation of three-phase CSRs will iseussed in Chapter 6. The device overvoltage
protection circuit usesthree transient voltage seggion (TVS) diodes in series to achieve 1200
V clamping voltage. The series TVS diodes are feeal with each switching element through

the diode bridge to avoid the voltage across thegpaleives exceeding their rated voltage 1200

V, shown in Figure 5-37.

A picture of the updated prototype of CSR is showirigure 5-38. The dimension of the

converter is 220 mm x 220 mm x 100mm.
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Figure 5-36. Three-phase current source rectifrectire.

Figure 5-37. Three-phase CSR and power device oltage protection circuit.
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Interface board —— m+«— DSP board
| it Main board

Cold plate

Gate drive board

Figure 5-38. Second version of all-SiC three-pl@aseesnt source rectifier prototype.

5.5.2 Experimental Results

The test setup of the second version of CSR issétmee with the test setup for the first
version of CSR described in section 5.4.2. The maxri output power is 10 kW. The overlap
time of 400 ns is used. The converer waveform®aW is shown in Figure 5-39, with 48Q,
input voltage (line-to-line voltage) and 40Q.\butput voltage. In Figure 5-39; is the current
on the DC inductoryy. is the output voltagé/a, is input line-to-line voltage, and is input line

current (phase A).
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Figure 5-39. All-SiC three-phase CSR waveformsOakW .

For the front-end stage of power supply systems,iniput voltage range should be wide
enough to meet the grid voltage levels in differemiintries. Based on the requirement of high

voltage DC distribution architecture, the outpultage should keep 4004¥with different input

V3

voltage levels. For three-phase CSR, the output@i@ge is limited by, <7Vm, whereVp,

is the peak value of input line-to-line voltage.tiMihis tolpology, the lowest value of input line-
to-line voltage is 330 ¥ in order to achieve 4004y output. With 1200 V voltage rating power
devices, the converter cannot be operated witlnihg line-to-line voltage higher than 80Q.V
However, considering the voltage overshoot durisgvething transient, the input voltage should
be much lower than this value. The voltage overslepends on the switching speed and the
parasitics in the circuit.Figure 5-40 shows the @&faxms of all-SiC three-phase CSR at 10 kW

output power with various input voltages.
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Figure 5-40. All-SiC three-phase CSR waveformsOak\W with various input voltages.

5.6 Summary

In this chapter,the all-SiC, liquid cooled threeapl current source rectifier is designed and
developed for 400 ¥ architecture data center power supply systems MBISFETs and SBDs
were selected for the power switches. The advastaf)&SiC power devices on the design of
high efficiency converters are shown by comparinghwraditional Si based converters,
according to the paper-based design and loss a#itmul Furthermore, the design methods of
front-end rectifier in data center power supplyteyss are provided, including the methods of
topology selection, modulation scheme selectionjicge paralleling number and switching

frequency selection, filter design and loss minatian.

This current source rectifier, using four paraklel®iC MOSFETs and two SiC SBDs, with
480 V,crmdine-to-line input voltage, 400 ¥ output voltage, and 28 kHz switching frequency,
achieves 98.54% efficiency and 98.55% peak effoyean the test, including the auxiliary circuit
loss on self-developed controller. Experimentaultssverify the functions of the designed high

efficiency converter.
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Chapter 6 Paralleled Current Source Rectifiers for Data Cente
Power Supplies

In this chapter, the front-end rectifier is formgdimralleling three current source rectifiers,
described in Charter 5 for a 40Q.\architecture data center power supply system.i@eét1
gives the overview of front-end rectifier systenmséad on three paralleled CSRs. In 6.2, the
control strategy of paralleled CSRs to realize outpurrent balancing and hot-swap is studied
and implemented. In 6.3, the circulating in pataleCSRs is discussed. A 19 kW front-end
rectifier system by three paralleled CSRs with (2reldundancy is implemented and tested in

6.4.Finally, conclusions are given in 6.5.

6.1 Paralleled Three-Phase Current Source Front-End Rdifiers

Chapter 5 develops a three-phase current sourtidere(CSR), with 480 . input line-to-
line voltage and 400 / output voltage, as the front-end rectifier in de¢ater power supplies
based on high voltage DC distribution architectdiee single converter will be not enough for
power supply system.It is a popular choice to palrglbbwer converters to achieve higher output
power. Compared to a single high power convertaralfeled converters will bring system
redundancy through (N + 1) configuration for powsupply systems, as well as easy

implementation of converter power management.

To implement the front-end stage using three-plZ8R, several CSRs should be operated
in parallel. The paralleled CSRs are connectecctiyren AC side to grid with 480 ¥ line-to-
line voltage. They provide common output, with 40, for the second power conversion stage

in the system.However, related issues are waibngetsolved in paralleled CSRs. For example,
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among converter modules, the schemes of output pa@haring and circulating current
limitation need to be provided.Several publicatismiady the paralleled three-phase voltage
source converters [146]-[150]. References [151B]18eal with the operation of paralleled
current source converters. But some features ofahgerter, required by power supply systems

such as system redundancy and hot-swap, are rmoisdisd and realized.

6.2 Paralleled Current Source Rectifiers with Current Balancing and Hot-Swap

6.2.1 Master-Slave Control for Paralleled Current SourceRectifiers

For the paralleled converters, current sharingersessary, because if one converter outputs
most of the power, it will be over heated and ff&ciency and lifetime will reduce. There are
several control schemes to achieve equal currstritdlition among paralleled converter, such as
master-slave control (MSC)[154]-[156], central-linaontrol (CLC)[157], circular chain control
(3C) [158], and current sharing scheme based oopdnrethod[159]. MSC is simple, stable, and
has fast dynamic response. MSC has been widely asdbe current sharing scheme in UPS
systems which are based on paralleled voltage satonverters or DC-DC converters. In this

work, MSC will be used to distribute output currehparalleled CSRs.
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Figure 6-1. Master-slave control for paralleled GSR
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Based on the single CSR control algorithm in Figbt&3 for 400 . distributed power
supply system, the proposed MSC for paralleledetptease CSRs is shown in Figure 6-1. One
of the rectifiers operates as the master conve@i®R1 in Figure 6-1. The master converter has
both inner DC current control loopy. loop, and the outer DC voltage control lo&fe loop,
which is the same with single CSR control algoritshown in Figure 5-13. Other rectifiers

operate as current followers (slaves), CSR2 to CBRfigure 6-1. The slave converters have




only 4. loop and their DC output currents follow the DCreat of master rectifier.

In the paralleled converters for power supply systeach converter module has its own
controller. One method for the slave rectifiersfalow the master rectifier output current is
using the output of master converdy. loop as the references of their owy loops. This
method requires the slave converters to obtaim I¥€i current values from the controller of the
master converter, and a communication system idateéor thelyreference values sending or
receiving among paralleled converters. The devetyrof communication system will increase
the cost and complexity of the system. In this elisgion, the slave rectifiers obtain théjg
references directly from the master rectifier DCQrent sensor through the shield signal cables.
The issue of using this method is that the noisthenDC current sensor output signals may
impact the control effects. After passing througlova-pass filter, the high frequency noise will
not be send into the controller of slaves. By dalitong the line period average value of received
the master rectifier's DC current as the refereribe, slave rectifiers can follow the output
current of master rectifier very well. The resultgl be shown in next section. Finally, the
master convertevy. control loop output only provides a referencetst . control loop, and the
output current of the master converter providesfarence of the slave convertelg control

loop. Each rectifier module has its own input filkempensation unit.

The output currents will be balanced when eachesl@nverter DC current follows the
master converter DC current. Meanwhile,hot-swapabdgy can be realized using MSC, which
means the rectifier module can be removed fromsistem or added into the system without

shutting down the system and keeping other converbelules running.
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Figure 6-2. Simulation results of paralleled CSRsswap using MSC.

Figure 6-2 shows the simulation results of thremlpged CSRs using MSC control and
realizing hot-swap in Matlab Simulink. The CSR1hs master converter, CSR2 and CSR3 are
slaves. The input voltage is 48Q.\Vine-to-line voltage, and the output voltage i940.. The
power of the system is 19 kW and the DC currenthef system is 47.5 A. At the beginning,
three CSRs provide full power to the load, and eachfier outputs 15.83 A current. At 0.05
s in simulation, the CSR3 is removed from the sydby disconnecting its AC side from the AC
source. After that, only CSR1 and CSR2 provide javer to the load, each of them outputs

23.75 A DC current. The transient causes the outpliage drop to 370 ). The DC voltage
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will increase back to 400 g¥ due to theVy. control loop in master rectifier. The system input
current will have the drop too during this transieft t = 0.1 s, the CSR3 is added into the
system turning on its control loop and generatiVgMP signals. After that each of the three
rectifiers outputs 15.83 A DC current again. Durthgg transient, both input current and output

voltage of the system will have overshoot. The pafake DC voltage overshoot is 43Q.V

50 ; ‘
\(MWWr'b'\ﬁw-‘u‘mk'.’u‘”‘\”"‘”ULWU‘"“»’U‘JUU\'&“N'«\J\!\N'\‘\F/\A\‘\: : la
1 il Il ! MMWW-”
_ Ml{h.w w;WWVMWUU\W\)\W ‘ | NWWWNWMWWM
\U ¢
oF------———- ;ﬂ%_\,b/:'/\ RS :F _ r(_‘: ,,,,,,,,,
| 7 M - | |
I il | I
| WWMWW i | |
0.048 0.05 0.052 0.054 B4 0.05 0.052 0.054
(a) DC current when CSR3 is removed (b) AC current when CSR3 is removed
30 ' ' ' 50 ; ;
| | | | 'JWI\ la
. CSR1 | | wmmmw.vMwumr.vmwmmwm\wﬁ,mf ‘""ym 0 Mﬂm !
| U e T [ L “h‘ ) |
20 CSRZ : ‘ ‘\“\ "‘ ”"\’\h“ i ““‘ I ! J“&MHV w% !
W | P N :
| | | o--------- #\/ﬁ:j ,,,,,, Qe e 4 ___]
10k Bkt | c
| | | i ; T,
CSR3 | ; ! | : - iy
07 [ [ | |
0.098 0.1 0.102 0.104 398 0.1 0.102 0.104
(c)DC current when CSR3 is added (d) AC current when CSR3 is added

Figure 6-3. Simulation results of hot-swap trantsen

Figure 6-3 shows each rectifier DC current andesysfAC current at the transients tof
0.05 s and = 0.1 s in Figure 6-2. When CSR3 is removed frbm gystem, the system output
voltage reduces and th&. control loop in master converter increases thedd@ent reference

value to keep 400 Y output voltage. With increased reference value,ntfaster rectifier's DC
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current is increased by its owg control loop. Then the slave recitifer CSR2 inse=its DC
current because the reference ofigtscontrol loop, the DC current of CSR1, is increasksl a
result, the full load is supported by only CSR1 &#R2, as shown in Figure 6-2(a). The change
of DC currents causes distortation in AC currentirdy this transient, shown in Figure
6-2(b).Similarly, when CSR3 is added into the systéheV,. overshoot reduces the reference
value of DC current of master converter. With teduction ofl4. of CSR1, CSR2 reduces its
output current too. The DC currents of both CSR@ @%R3 equal the CSR1’s output current,
shown inFigure 6-3(c). The AC current will be diséal too during this transient, shown in

Figure 6-3(d).

Figure 6-4 shows the d-channel control to DC curbemsfer function {,./d,) of paralleled
three-phase current source rectifieks.is the paralleling number. From Figure 6-4(a), the
paralleled rectifiers have a pole at the DC oridjre to the zero-sequence interaction when they
have independent DC current control loop. The rasbrfrequency increases with more
paralleled CSRs. Figure 6-4(b) compaigsd, of slave rectifier in two paralleled CSRs with
and without MSC. From Figure 6-4(b), the DC curreip of slave rectifier can be designed to
be very fast to achieve fast dynamic response Isecdus a first-order system. From Figure
6-4(c), the d-channel control to DC current trangtaction of slave rectifier will not change
with paralleling number. This means the controlen be designed individually and paralleling

number does not need to be considered. Therefa@lar design is allowed.
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current source rectifiers.

(c) With master-slave contral
Figure 6-4. D-channel control to DC current trang@ction of paralleled three-phase



6.2.2 Experimental Verification

This section shows the experimental results of pacalleled CSRs and three paralleled
CSRs, using the proposed master-slave control.C3fR prototype is developed in section 5.5.
The system input voltage is 48Qc\ine-to-line voltage and output voltage is 40Q.\'he load

is resistors in load bank described in Chapter 5.

(b) CSR3 is added into the system

Figure 6-5. Hot-swap test results in two parallélgRs. (Time: 100 ms/div)
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Figure 6-5 shows the hot-swap test results of tamalfeled CSRs. In this chaptey, (i = 1,
2, 3, ...) is the positive DC-link current of CSRiparalleled CSRs system, and(i =1, 2, 3, ...)
is the negative DC-link current of CSRi. The CSR1he master converter and the CSR2 is the
slave. Two rectifiers provide 5 A DC current eatltha beginning in Figure 6-5(a). When CSR2
is removed, the DC current of CSR1 is increaseti0té\. The lowest value of ) during this
transient is 300 ¥. Before CSR2 is added into the system in Figub€l; CSR1 outputs 10 A
DC current. The DC current of CSR1 reduces to 5nd & followed by CSR2 when adding

CSR2 into the system. The peak valu&/gfduring this transient is 5804y

Figure 6-6 shows the hot-swap test results of taalfeled CSRs. CSR3 is removed and
added in Figure 6-6(a) and (b) respectively. Befo&R3 is removed from the system, each
rectifier outputs 5 A current in Figure 6-6(a). &ftthat, CSR1 increase the output to 7.5 A and
CSR2 follows it to output 7.5 A DC current in orderkeep 400 ¥; output voltage. The output
voltage lowest value is 3404y during this transient. In Figure 6-6(b), after mddthe CSR3,
CSR1 and CSR2 reduce their output to 5 A (CSR2VdI CSR1). Since CSR3 follows CSR1,
its output currentis 5 A too. The output voltagecantrolled to 400 ¥ after a transient of

overshoot with 430 ¥ peak value.

In then paralleled CSRs system, if there is no DC voltegetrol, the DC voltage will drop
to (n-1)/nxV4. when one CSR is removed s the regular output voltage). And the DC voltage
will increased to rf+1)/n xV4. when one CSR is added. The variation of outputagel during

hot-swap transient will be reduced when the pdmfienumbem increases, using this MSC.
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(b) CSR3 is added into the system

Figure 6-6. Hot-swap test results in three pamdl€lSRs. (Time: 100 ms/div)
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6.3 A 19 kW Front-End Rectifier System for Data CenterPower Supplies

6.3.1 Three Paralleled Current Source Rectifiers Prototye

A 19 kW front-end rectifier system based on thraeafleled CSRs with liquid cooling will
be developed for data center power supplies basedhigh voltage DC distribution
architecture.The paralleled CSRs are directly cotateon both AC and DC sides. They share
one AC inductor and one DC capacitor.Each CSR hitdéddewn AC capacitor as the voltage
source in the input side and a split DC inductothescurrent source in the output side. ORiIng
diode in DC-link is used to isolate faults from B{de, and AC side fault isolation is realized by
open contactor in three-phase input. Three paeallédSRs will bring system redundancy
through (2 + 1) configuration, which meanstwo C$Rs support 19 kW output power when the
third one is removed from the system due to thieirfai Each CSR is developed as described in

Chapter 5.5, shown in Figure 5-38. The front-erdtifier system structure is shown inFigure 6-7.
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Figure 6-7. 19 kW paralleled current source reatifiystem.

The prototype of front-end rectifier system is show Figure 6-8. There is the fuse and
contactor in series in AC side of each CSR. Theasar is turned on when connected to 110
Vae and is turned off when disconnected to 1QQ Vhe relay is used to connect or disconnect
the contactor from 100 ) The control signal is 12 § provided by interface board of each
rectifier. Auxiliary circuit power supply providethe power to DSP boards, interface boards

(including gate drivers and sensors), and relaybriee CSRs.
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Figure 6-8. 19 kW front-end rectifier prototype.

For the paralleling operation of conveters, thetimlers need to be synchronized to provide
the synchronized PWM signals. If the PWM signaks aot synchronized, random phase-shift
will exist and system cannot work normallu dueaxgeé circulating current. The PWM signals of
three CSRs are synchronized by connecting their BB®M module in series using shield
cables. The ePWM module in master CSR sends thehsymized to the ePWM modules in
slave CSRs. The delay on synchronization cable d@iviwo conveters is 67 ns, which is small
enough for the converter paralleling with 36 pstsiwng period. The synchronized MOSFET
gate signals of three paralleled CSRs and the dekghown in Figure 6-9, where CSR1 is the

master rectifier.

142



stop

Vgs in CSR3 (5 V/div)

Vgs in CSR2 (5 V/div)
_Vgsin CSR1 (5 V/div)

R ———
[ ® 500V © o0V )[izinféﬂlﬂm\» ]['ggr?’.; s | RN 4nnva
(a) MOSFETS’ gate signals (Time: 20 us/div)
ko —— —————— ——— . Stop. i
~-6FAS~6F NS
«— >
Vgs in CSR3.(5.V/div)

4 . ' < » i 4!

Vgs in CSR3 (5 V/div) I Vgs i CSR2 (5 Vidiv)
Vgs in CSR2 (5 V/div)

Vgs in CSR1 (5 V/div) Vs in CSRI (5 Vidiv)
= R o Y - ) il 2 R (P G i
(b) Turn-on (Time: 40 ns/div) (c) Turn-off (Time0s/div)

Figure 6-9.Synchronized MOSFET gate signals inlfzeal CSRs.

In order to use the master-slave control in sedi@the DC-link current of master coverter
needs to be sent to the slaves. The DC currenbsen$put is directly connected to the input of
DSP AD channels of the slave rectifiers using thield cables. Since each rectifier could be the
master converter, the DC current of each CSR wilsent to the other two CSRs in the system,

shown in Figure 6-10.
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Figure 6-10. Shared DC current in paralleled CSRs.

6.3.2 Experimental Results

The test setup of data center power supply frodtrentifier stage based on three paralleled
CSRs is shown in Figure 6-11. The input power ef $istem is from the grid through a three-
phase high power variac. The load in the testasréisistor in load bank described in Chapter 5.
The chiller provides 25 °C liquid (50% ethylene @i} 50% water) with 1.5 GPM (5.68 LPM)
flow rate for the cooling of CSRs. The power analy#2Z4000 is used for the power

measurement and efficiency calculation.
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Figure 6-11. Three paralleled CSRs test setup.

Figure 6-12 shows the waveforms of the three paesll CSRs at 19 kW output power, with
480 V,c input line-to-line voltage and 4004)/0output voltage. The system output DC current is

47.5 A. Each three-phase CSR provides 15.83 A owetjouent.
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Figure 6-12. Waveforms of three paralleled CSRE&kW. (Time: 100 ms/div)

The efficiency curve of front-end rectifier stagasbd on three paralleled CSRs is shown
inFigure 6-13. The efficiency is measured by PZ4@@Wver analyzer. The input and output
power are calculated by (5-3) and (5-4) respectivEhe voltages are measured by the voltage
sensor in the measurement module 253751 in PZ4D®8.currents are measured by a LEM
current transducer IT 60-S, current amplifier ISCTRASTAB, and current shunt resistor in
measurement module 253751. The converter efficiaacgalculated by (5-5). The auxiliary
circuit loss Ryis 45 W, which is the measured result of the oufpawer of auxiliary circuit
power supply, shown in Figure 6-8. The efficien@lues at different output power levels are
listed in Table 6-1.The full load efficiency of tli@nt-end rectifier system is 98.12%, and the

peak efficiency is 98.25% at 12 kW output power.
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Figure 6-13. Efficiency curve of front-end rectifigage in data center power supplies.

Table 6-1. Efficiency values of front-end rectif&age in data center power supplies at
different output power levels

Output power CSR efficiency
3 kw 96.77%
6 kW 97.87%
9 kw 98.17%
12 kW 98.25%
15 kw 98.21%
19 kW 98.12%

The system efficiency is less than single rectifiecause the losses on contactor, fuse, and

overvoltage protection circuit, which are not irdda in single rectifier efficiency measurement,

are all included in the system efficiency measur@gm&he auxiliary circuit loss takes a large

part of total loss from the experiments. If auxii@ircuit loss is not considered, the system full

load efficiency and peak efficiency will be 98.3%d 98.62%, respectively. in the future, the
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minimization of auxiliary circuit loss should besearched.

In the tests, the AC voltage is obtained from thd.grhe grid does not provide AC voltage
without harmonics. The spectrum of AC voltage usethe test is shown in Figure 6-14. From
Figure 6-14, there is largd"harmonic component. As a result, the AC side airféiD is 6.8%
at full load. The better control is expected faretrphase current source rectifier to reduce AC

current THD with distorted AC voltages.

THD = 3.3% [Fundamental = 475.1 ARMS (671.8 MAX)]

=
o

(00]

Magnitude ( % of Fundamental)

0 5 10 15 2C
Harmonic Order

Figure 6-14. Spectrum of AC voltage in the test.

6.4 Summary

The converter paralleling is widely used for powepply system, because it can achieve
high output power and system redundancy. This ehaggvelops the paralleled current source
rectifiers (CSRs) as the front-end rectifier fotadaenter power supplies using 40Q Wus. The
related issues of paralleled CSRs are studiedudmod output current sharing control and

circulating current limitation.

The master-slave control (MSC) is developed foaleled CSRs to achieve output current

148



balance. By using the master CSR output currethi@seference for slaves’ DC current control

loop, the balanced output current among parall€I8&s is achieved. The sysem output voltage
is controlled by a voltage control loop in mast&RC Hot-swap can be realized using this MSC.
The single CSR module can be removed or addedewtkiler CSRs keep running. During these

transients, the current balance and system ougwéipcan be adjusted automatically.

An all-SiC 19 kW three-phase front-end rectifieorfr 480 \4. to 400 \j. is developed,
using three paralleled CSRs based on SiC MOSFETs Suhottky diodes. The full load

efficiency of the system can achieve 98.12%.
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Chapter 7 Conclusion and Future Work

The conclusions of the dissertation based on th&svo Chapter 3~6 will be summarized

in this chapter. The related future works will begosed too.

7.1 Conclusion

In this disseratation, the methodology of highadincy three-phase converter designusing
SiC power devices is presented. The related isswdsding power device evaluation, power
module layout, parasitic impacts, single conveltgss minimization, and high efficiency
paralleled three-phase converters, are all disduasd analyzed.The following conclusions are

drawn:

First, the application of SiC power devices helpawerters to achieve high efficiency even
at high temperatures, atwhich Si devices cannabgerated. With temperature increasing, the
conduction loss of normally-on SiC JFET increasas its switching loss decreases slightly.
With the help of SiC JFET and Schottky diode, aed¢hphase voltage source inverter peak

efficiency can achieve 98.5% with 10 kHz switchfreguency 95 °C coolant.

Second, the dissertation proposes a device swgctast circuit based on current source
topology. The circuit can simulate two differentrremnt commutation processes, the current
commutation between active switches and betweenaotiee switch and one diode, in current
source converters. The circuit can be used to atalswitching performance and calculate

switching loss of power devices which will be usedurrent source converters.

Third, the impacts of parasitics on power deviegtching performance and switching loss
under fast switching conditions are studied in thgsertation. In voltage source converters, the
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parasitic inductances in the gate loop and DC busag cause the device false turn-on during
the other device switching transient in a phasedad cause phase-leg shoot-through. The
minimization of these inductances in a voltage seysower module and converter design is
necessary to keep the fast switching and low switchoss of SiC devices. In current source
converters, the parasitic capacitances from depicetion capacitance and the capacitance
between power buses contribute to the power dewviitehing loss. Different capacitances cause
additional loss for different current commutatiomogesses.The dissertation proposes an
inductive snubber based on an inductor and a diodeurrent source converters, to reduce
device switching loss. With different parasitic aapance, there is an optimized inductor value

in snuber circuit at each voltage level to minimiexice switching loss.

Fouth, the dissertation provides the methodology amcedures of high efficiency three-
phase current source rectifier design. The proesdunclude topology comparison, power device
measurement and loss calculation, device parajledimd switching frequency selection, filter
design, low loss control algorithm and modulatichesme. The dissertation develops a 7.5 kW
all-SiC three-phase current source rectifier w8 4/,c input and 400 Y} output voltages as the

front-end stage for data center power supplies.9h&4% full load efficiency is achieved.

In the end, the master-slave control is develomedbéralleled three-phase current source
rectifiers. By sharing the DC current of mastertifise to slave rectifiers, the balanced output
currents can be achieved. In addition, with thistaaslave control, when a rectifier is removed
or added in to the system, other converter carease or decrease their outputs automatically to
provide the power to the load without communicasgatem. The dissertation develops a 19 kW
front-end rectifier system for data center suppbased on paralleled current source rectifiers.

The system has the features of (2+1) redundancyanswap using the master-slave control.
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7.2 Major Contributions

First, the dissertation proposes a circuit to eat@uswitching performance and calculate

switching loss of power devices in three-phaseerursource converters.

Second, the dissertation analyzes the impact adsgar inductance on phase-leg shoot-
through in three-phase voltage source convertedsthe impact of parasitic capacitance on
devices’ losses in three-phase current source ctamge In addition, this dissertation analyzes
the performance of an inductive snubber, identifiesrelationship between snubber inductance

and switching loss.

Third, the dissertation proposes a design methggolof high efficiency three-phase
converters, demonstrates the benefits of SiC dsvioe high efficiency applications, and
develops a 7.5 kW all-SiC three-phase CSR for datder power supplies with 98.54% full load

efficiency.

Finally, the dissertation proposes a master-slardral for paralleled three-phase current
source rectifiers to achieve balanced outputs amderter hot-swap, designs and develops a 19
kW, 98.1% efficiency front-end rectifier system wif2+1) redundancy using SiC devices for

data center power supplies.

7.3 Future Work

Based on the works presented in the dissertatemgral further studies could be done in the

future:

(1) The active solustions for phase-leg shoot-througgue in SiC power devices based
three-phase voltage source converters should banadsed.

(2) The multi-chip power modules based on current sotopology with better parasitic
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controlshould be designed and developed for thhes current source converters, to
achieve both high efficiency and high power dengiyd the methodology of packaging
technique to reduce parasitics for SiC based powegtules should be studied.

(3) The conduction loss of power devices is the dontipant of losses in CSCs due to the
series of two deives. The low loss SiC device watverse blocking characteristic should
be developed to further reduce the device switclosg. Moreover, the replacement of
series SiC Schottky diodes in switching elemen€CBCs by low conduction loss SiC
MOSFETSs should be researched to reduce conductssn |

(4) The combination of other loss reduction methodhv8iC devices can obtain extra
efficiency for SiC based converters should be me$ea. The method of reducing
auxiliary circuit loss of SiC based three-phaseveoter and SiC MOSFET/JFET gate
drive optimization need to be researched to fuitherease the converer efficiency.

(5) The control method and operation performance @etiphase current source rectifier for
power supplies under poor power quality conditisheuld be researched. For example,
the reduction of input current THD under distor®@ voltage conditions should be
studied, the converter control with input voltageg/swell or lose phases should be
investigated too.

(6) In power supply systems, many power converters rttzaa three will be operated in
paralleled. The issues related to the large nurabparalleled CSRs should be studied.
For example, the synchronization signal, the sh&@dcurrent of master rectifier when

using master-slave control should be considered.
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