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Abstract

The continual development of high-power-density power electronic converters is driven
particularly by modern transportation applications like electrical vehicles and more
electric aircraft where the space and carrier capability is limited. However, there are
several challenges related to transportation applications such as fault tolerance for safety
concern, high temperature operation in extreme environments and more strict
electromagnetic compatibility requirement. These challenges will increase difficulties for
more electrical system adoption in the transportation applications.

In this dissertation, comprehensive methodologies including more efficient energy storage
solution, better power electronics devices capability, better packaging performance and
more compact EMI filter design are analyzed and proposed for the goal of high power
density converter design in transportation applications.

The dissertation is divided into five sections. Chapter 1 describes the motivation and
objective of this research. After examining the surveyed results from the literature, the
challenges in this area of research are addressed. Chapter 2 presents the energy storage
capacitor size reduction by using an active ripple energy storage method in fault tolerance
transportation applications. With the minimum ripple energy storage requirement, the
feasibility of the capacitor volume reduction is verified. Then, a bidirectional buck-boost
converter as the ripple energy storage circuit is proposed which can effectively reduce the

capacitor size. Meanwhile, the feed forward control method is implemented with the



active circuit. Chapter 3 demonstrates the high temperature converter design in
transportation applications. A novel hybrid structure packaging method is proposed to
utilize the benefits of both wirebond structure and planar structure. Detailed analysis was
conducted for the hybrid structure packaging in terms of parasitic reduction and thermal
reliability. Then, a detailed high temperature converter design procedure is proposed
together with a multi-chip power module packaged in hybrid structure. The whole
converter is capable of working in harsh environment. Chapter 4 shows a more compact
EMI filter design procedure including both transfer gain and insertion gain analysis. With
the transfer gain analysis, both the low frequency and high frequency attenuation
requirement is considered and an optimum number of stages can be derived in terms of
minimum volume. Since the EMI noise source and load impedance cannot be treated as
ideal cases in the real applications, a frequency domain model based on the impedance
measurement is utilized to provide EMI noise attenuation prediction. Mask impedance can
then be employed to linearize the EMI noise source impedance. After this, the magnetic
component near-field coupling phenomenon is studied. Displacement current influence to
the near field distribution is discovered and analyzed in detail. Finally, Chapter 5 presents

the summary and conclusions.
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Chapter 1. Introduction

This chapter starts with an introduction to the motivation and objective of this
research, the design of high power density and high temperature converter for
transportation applications. After examining the surveyed results from the literature,
the challenges in this area of research are addressed. Finally, the layout of the research

dissertation is presented.

1.1 Motivation and Objective

With a recent emphasis on environmental concerns, there has been an increasing
demand for lower fuel consumption in modern transportation applications such as
vehicle, aviation and marine [1]. In addition, there is always the traditional demand

for ever increasing power.

(a). Nissan's electrical vehicle: The Nissan Leaf (b). Boeing's more electrical aircraft: Boeing 787

Figure 1-1 Electrically intensive transportation applications
As shown in Figure 1-1, electrical power is utilized more and more in electric
vehicle applications for propulsion purposes. Also, a greater degree of utilization for
assistance purposes in aircraft applications is being realized than in previous aircraft

generations. The benefits of the electrical vehicle compared with the traditional



vehicle are very clear since the electric vehicle has zero emissions. The less well

known benefits of more electric aircraft are summarized as below:

Today the conventional civil aircraft is characterized by four different secondary

power distribution systems: mechanical, hydraulic, pneumatic and electrical, as shown

in Figure 1-2 [2]. The characteristics of all of these four different non-propulsive

power systems are summarized in

Table 1-1.
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Power
Electric
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GearBox
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Gear

Hydraulic
Power

Electrical
Power

Commercial
Loads

=== Compressor

Ice
Protection

Pnuematic
Power

ECS

Figure 1-2 Schematic of a conventional power distribution system in aircraft application

Table 1-1 Summary of the four different secondary power system in an aircraft

Types Source Usage Characteristics

Pneumatic | The engine's high- The Environmental Control Low efficiency,

Power pressure compressors System (ECS) and supply hot air difficult leak detection.
for the Wing-Anti-Icing (WAI)

Mechanical | The  engine  with | Mechanical driven subsystems.

Power mechanical gearboxes

Hydraulic The central hydraulic | Actuation systems for primary and | Heavy and inflexible




Power pump secondary flight control; landing | infrastructure (piping)

gear for deployment, retraction, | and  the potential

braking, engine actuation, | leakage of dangerous

numerous ancillary systems and corrosive fluids.
Electrical The main generator Power for avionics, cabin and | Does not require a
Power aircraft lighting, galleys and | heavy infrastructure and

commercial loads. is very flexible. Higher

risk of fire(in the case

of a short circuit)

As each system becomes more and more complex, the interactions between
different pieces of equipment reduce the efficiency of the whole system. In order to
reduce this complexity, and to improve the efficiency, power density and reliability,
the aircraft manufacture trend is gravitating towards the More Electrical Aircraft
(MEA) concept that is the wider adoption of electrical systems in preference to the
others. The advantages of adoption of more electrical systems are not confined to only
aircraft. Other transportation applications such as marine propulsion are also moving
into this direction.

However, the challenges are enormous. Power electronics components and
converters must operate in extreme environments, have minimal weight and provide
reliability much greater than has hitherto been produced by industrial drives.

As mentioned above, adoption of more electrical systems will bring benefits to the
whole system by reducing the total weight and increasing the whole system efficiency
and power density. This will reduce fuel consumption while simultaneously reducing
emissions.

For all the more electrical transportation applications such as vehicle [3, 4], aviation

[5-8] and marine [9-11], higher power density electrical system design becomes the
3




key issue because of the limited space and carrier capability. However, besides the
high power density, the transportation applications also share another common
characteristic: harsh operating environments (especially high temperature) [12-18].
Figure 1-3 shows the environmental temperature distribution in some transportation
applications. The harsh environments inherent in these applications introduce a new

level of complexity in the design of the electrical system.

I Underhood
I Typ. <120 °C Gearbox

Exhaust: 1650°¢ *130°¢

(a). Temperature distribution in electrical vehicle (b). Temperature distribution in JET engine

Figure 1-3 Environmental temperature distribution in transportation applications
Meanwhile, fault tolerance and redundancy are sometimes required for safety
concerns in transportation applications such as aerospace. The fault tolerance
capability will guarantee no single electrical fault may cause the system as a whole to
stop functioning. The principal electromagnetic faults which may occur within the
machine are [19]
¢ winding open-circuit;
e winding short-circuit (phase/phase);
¢ winding short-circuit at terminals;
Within the power converter the faults under consideration are as follows:
e power device open-circuit;
e power device short-circuit;

e dc link capacitor failure;



This fault tolerance can be achieved through combinations of partitioning and
redundancy in the system [20-22]. A successful design approach involves a multiple-
phase drive in which each phase may be regarded as a single module. The operation
of any one module must have minimal impact upon the others, so that in the event of a

module failing the others can continue to operate unaffected.

H-bridge
Phase B

Figure 1-4 Fault-tolerant five-phase generator converter

Figure 1-4 shows a fault-tolerant five-phase generator converter schematic. It
consists of five separate H-bridge converters, each equipped with its own bank of DC-
link capacitors. In the event of a single phase fault, the system level controller will
modify the demand currents in the remaining phases to achieve the desired output
power. Since reliability is an issue as important as weight in transportation
applications, achieving higher power density electrical design while considering
reliability becomes important.

In addition, more electrical aircraft applications will lead to an increase in electrical
power consumption. The increased number of power electronic converters connected
to an aircraft’s electrical supply networks increases the harmonic levels [23].
However, for the power electronics converter designed for transportation applications,

the conduction electromagnet interference (EMI) is a very important concern since the
5



conduction EMI will impair other electronics systems and therefore reduce the system
reliability. This is especially true for aircraft systems. Reference [24] specifies the
aircraft EMI standard from the Boeing DO-160, and the required standard is shown in
Figure 1-5. However, adding an EMI filter to the converter will obviously increase the
converter volume and decrease the volume density [25, 26]. Because of the increased
number of power electronics converters in aviation applications within limited space,
very compact EMI filters are required. The design of such filters is very complex, and
trial-and-error is often needed to meet both the EMI specifications and high power

density requirements.
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Figure 1-5 The DO-160 EMI standard for aircraft applications



Meanwhile, a more compact EMI filter design will inevitably decrease the distances
between the passive components of the EMI filter and affect the filter performance
significantly by coupling especially in the EMI spectrum range [27, 28]. Thus,

achieving a better EMI filter design for transportation applications becomes important.

Fault
Tolerance

7 SOEING
W

Energy High Temperature EMI Filter
Storage Technology Design

Figure 1-6 Motivation and objective
Based on the analysis above, the research motivations and objectives are
summarized in Figure 1-6. The key objective is to achieve a high power density
converter design for transportation applications. However, due to the operational
characteristics of transportation applications, the high power density converter design
will focus on three aspects: fault tolerance, harsh environment operation, and

electromagnetic compatibility. From the technological point of view, higher energy
7
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storage efficiency, better power electronics devices capability, better packaging
performance and better EMI filter design will help to satisfy the motivation and

objective.

1.2 Challenges and Literature Survey

As discussed above, several techniques are required to further increase converter
power density for transportation applications. This section will first summarize the
state-of-the-art in these techniques. The unsolved problems of these techniques are
also addressed. Based on the addressed problems, the challenges of this research are

proposed.

1.2.1 Energy storage in fault tolerance

In order to achieve fault tolerance in transportation applications with safety
considerations, the typical design approach involves a multiple-phase drive in which
each phase may be regarded as a single module. This results in the whole converter
consisting of several separate H-bridge converters. However, unlike the typical three
phase converter, the H-bridge converter doesn't have a natural sort of power balance.
Energy storage components are required in the system to store the second order ripple
power. Usually, the dc link capacitor plays the role of the ripple energy storage
component. A real design for such a 15 kW single phase PWM rectifier with the

relevant parameters is summarized in Table 1-2 and is shown in Figure 1-7.

Table 1-2 Summary for the system parameters

Power rating 15 kw Input voltage 213V (peak)

DC bus 540 V Supply frequency | 233 Hz

Input inductance | 1.24 mH | DC voltage ripple | £2%
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(a) H-bridge schematic

~d
10.8L Wz,

150 mm

[0 Capacitor: 4.23L
M Heatsink: 0.52L
J IGBT:0.15L

[J Fan:0.18L

(b) Preliminary layout design

Figure 1-7 Layout design and main component’s volume comparison for H-bridge rectifier

From this comparison, the dc link capacitor can be clearly identified as the key size
contributor to the total volume of the system. This means that the capacitor is the
power density barrier for the single phase PWM rectifier. Using a bulky dc-link

capacitor is an inefficient way of filtering the low-frequency ripple energy.

Hence the need for a better solution to achieve high power density in single-phase
rectifiers is apparent, as is the need for an alternative way to filter the low-frequency
ripple energy intrinsic to the converter operation. Based on the paper survey, several
active methods have been proposed to deal with this second-order ripple power, such
as dc ripple reduction circuits [29-32], two-stage cascaded power factor correction

[33], parallel power factor correction [34] [35] and the dc bus conditioner [36]. These



can be used to reduce the dc ripple current, tighten the regulation of the output voltage,
improve the transient dynamic response of the system and also help to maintain the bus
stability, respectively. Although these methods do not focus on the reduction of
capacitor volume and the increase of power density, the principle and idea of active

ripple energy storage can be utilized.
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Figure 1-8 Inductive ripple energy storage method[30]

The inductive ripple energy storage method schematic diagram is shown in Figure 1-8.
The characteristics of this inductive ripple energy storage method can be summarized
as:

» Additional phase-leg W and an inductor Lmake up the ripple reduction circuit
» U and V phases still controlled as a typical PWM rectifier
» W phase is controlled to store the ripple energy in inductor Ls.

The drawbacks of this method are:

(1) The inductor energy density may be lower than the capacitor energy density.

(2) Since the auxiliary circuit (W phase) control is dependent on the H-bridge

rectifier, the control freedom is limited.
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Figure 1-9 Two-stage cascaded power factor correction circuit[33]

The two-stage cascaded power factor correction circuit schematic diagram is shown
in Figure 1-9. The characteristics of this two-stage cascaded PFC can be summarized
as:

» The energy storage capacitor has a high bus voltage (V) that is loosely
regulated

» The output voltage (V,) is tightly regulated by the Dc/Dc output stage

» Two stages are controlled independently

The drawbacks of this method are:

(1) The input power needs to be converted twice to reach the output, which is
inefficient.

(2) High voltage exists in the system
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Figure 1-10 Parallel power factor correction[34, 35]
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The parallel power factor correction circuit schematic diagram is shown in Figure

1-10. The characteristics of this parallel PFC can be summarized as:

» The boost PFC converter controls the input current.

» The output voltage (V,) is tightly regulated by the bi-directional boost/buck

converter

» The two stages are controlled independently

The drawback of this method is the high voltage that exists in this system.

1.2.2 High temperature technologies in converter design

Besides the fault tolerance requirements, the high-temperature (HT) converters

design has also become more and more important in transportation applications where

the converter may operates in a harsh environment. New wideband gap devices made

of materials such as silicon carbide (SiC) or gallium nitride (GaN) provide a much

higher bandgap, thermal conductivity and breakdown field, which offers them the

potential capability to overcome the temperature, frequency and power management

limitations of traditional silicon (Si) devices. The comparison results are shown in

Figure 1-11.

Operation
Frequency

Breakdown
Field

Operation

Temperature

Thermal
Conduc.

Figure 1-11 Silicon Carbide and Silicon material characteristic comparison

12



Silicon Carbide (SiC) has a theoretical junction temperature limit in excess of more
than 600°C [37]. Since the SiC JFETSs are the first available SiC devices on the
market, most of the surveyed works [15, 38-48] demonstrate the SiC JFETs devices
high temperature capability. Besides the JFETs based papers, there are also papers
that demonstrate the SiC MOSFET [47, 49, 50] , SiC BJT [51, 52] and SiC IGBT [53]
performance. In addition to the SiC devices high temperature capability, the SiC
devices also have a much lower conduction and switching loss when compared with
silicon devices [48, 54-58]. Because of these characteristics, the SiC devices can work
at a higher switching frequency and higher junction temperature thus leading a much
higher power density in the converter design by reducing the heatsink volume and
passive component size [59-61].

Although the SiC device bare die can support high temperature applications, the
power module packaging technique also plays an important role. For example,
Powrex is manufacturing a SiC MOSFET power module with the Cree devices [62].
Even though the papers [50] already claim that the SiC MOSFET has a high
temperature capability up to 200 °C, this module can only support 150 °C. This
temperature value is constrained by the low temperature packaging. In order to fully
utilize SiC's high temperature characteristics, some publications show high
temperature packaging with SiC semiconductors [17, 40, 44, 63-68]. However, these
publications still use the commercial wirebond packaging structure designed for Si
devices that may limit the advantages of SiC semiconductors for faster switching
speed. When compared with this conventional method, the planar packaging structure
will bring several advantages, such as a smaller footprint, smaller parasitic
parameters, more flexible routing, and also double-side cooling capability [69-74].

However, this structure is also faced with challenges like the connections of small top

13



pads, the alignment of interconnections, the limited choices for die attachment
materials, and the complicated and time consuming process, etc [69, 70]. In addition
to this, double-side solderable devices are generally not available which constrain the
applications of the planar structure. To fully utilize the SiC device’s high temperature
tolerance and fast-switching capability, a reliable high-temperature packaging method
for the SiC devices with smaller parasitic is desired.

Meanwhile, the harsh environment of some applications requires not only high-
temperature semiconductor power modules, but also high-temperature passive
components and high-temperature control electronics that are able to operate in these
environments.

For the high temperature passive components, paper [13, 75] shows the selected high
temperature magnetic and capacitor components for the gate drive circuit, and paper
[38] shows the high temperature inductor for the main circuit.

For control electronics, junction leakage is a major concern in bulk CMOS
processes. Junction leakage causes junction temperatures to be higher than the
ambient, and can lead to the failure of the circuit. SiC-based devices are expected to
be able to operate up to 600°C. However, SiC-based integrated circuit manufacturing
is not yet available. With silicon-on-insulator (SOI) technology, the leakage current
for high-temperature operations can be effectively reduced. A buried insulator layer in
the SOI structure greatly decreases the leakage path associated with the drain and the
source p-n junction diodes. In addition, the threshold voltage variation with
temperature is smaller in SOI devices than in bulk silicon-based devices. SOI also
provides improved latch-up immunity, which ultimately increases the reliability of the

circuit operation at a higher temperature. These properties make SOI-based circuits
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capable of operating successfully in the 200°C-300°C temperature range, which is
well above the range of conventional bulk silicon-based devices [18, 49, 76-80].

Based on the limited available active and passive high temperature components, the
system subfunctions such as high temperature gate drive, high temperature sensors
and high temperature controllers need to be designed and built accordingly to make
the whole converter capable of working in the harsh enviroment.

Since there is no commercial high-temperature opto-coupler available, transformer
isolation is the only choice for a isolated high-temperature gate drive design. Papers
[40, 75, 81] present the isolated high temperature gate drive. [78] presents the non-

isolated gate drive direct with the SOl components.

1.2.3 Electromagnetic interference

As mentioned above, because of the strict EMI requirement for transportation
applications, the EMI filter becomes one of the key contributors to the system volume.
The paper [25] systematically studied the impact of the EMI filter on the power
density of three-phase PWM converters, and proposed the design method for a high
density EMI filter.

However, previous works only focus on the low frequency range and the high
frequency information is missing. [82, 83] Studied the EMI filter design with an
integration concept that utilized the leakage inductance from the common mode as the
differential mode inductance. However, these studies don't include the non-ideal
conditions from both the parasitic and also the coupling. Papers [84-88] discuss the

filter layout influence to the EMI performance by both self parasitic and coupling in
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the DC/DC converter from the small signal test. In order to reduce the self parasitic
influences, references [89-93]show different parasitics cancellation methods.
Meanwhile, EMI noise source and attenuation prediction are also challenges in
power converter applications. Both time consuming simulations to get noise profiles
and the large amount of parasitic elements that count in the noise propagation
contribute to this challenge. In order to handle this complex problem, some research
has been conducted to predict the noise of power converters. The time domain
simulation of the converter, including all the parasitic and noise sources are included
in [94, 95]. The noise spectrum is then obtained by computing the FFT of the
resulting currents. This approach gives good results as long as the switches and circuit
models are very close to the real physical devices. Other papers [96, 97] based on
behavioural models are utilized to measure the switching noise profile of a
semiconductor for different current levels. Specific measurement techniques are
required to obtain good result as well as special LISN. This approach is not yet suited
to deal with high complexity converters. Some frequency domain equivalent circuit
analysis is proposed in the literatures of [94, 95, 98-100]. In the frequency domain, all
the circuit impedances are in phase form, allowing very fast computations of the
resulting noise spectrum without costly software and time consuming simulations.
Moreover, more compact EMI filter design will inevitably decrease the distances
between the passive components of the EMI filter and meanwhile affect the filter
performance significantly by coupling especially in the EMI spectrum range. A lot of
research has been carried out during the past few years to improve EMI filter
performance. Generally, there are two non-ideal factors, which influence the EMI
filter design procedure and performance: self-parasitic and mutual parasitic. Beside

self-parasitic, mutual parasitic has a strong relationship between the components
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coupling. Coupling between filter components has been analyzed in numerous works
[85-87, 90, 101, 102] to improve filter performances. Papers [84-88, 103] discuss the
layout influence to EMI performance including the effect of both self-parasitic and
coupling. Papers [102, 104] show the coupling influence in the three phase EMI filter
design and also show that magnetic shielding helps to improve the performance.

Paper [105] studied the winding imperfection influence to the stray flux.

1.2.4 Challenges

The target of this research is to design and develop a high power density and high
temperature converter for transportation applications specifically for aircraft. As
discussed above in this section, there are many unsolved issues existing in this area.
As shown in Figure 1-6, the most challenging works are summarized below in three

different aspects:

(1). Better energy storage solution:

Although some of the surveyed results use other energy storage components instead
of the dc link capacitor for the single phase converter design, most of the literature
does not focus on converter power density. First, the relationship between ripple
energy and other system parameters in the single phase converter is not clear. Is there
a minimum ripple energy storage requirement with a fixed operating point?
Theoretically speaking, whether inductor or capacitor will lead to smaller volume
with a given ripple energy storage requirement. Is it possible to use more active
devices instead of passive components to better store the ripple energy and to reduce

the whole system volume? In addition, transportation applications require no voltage
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higher than dc bus. Thus, it is still not clear how to design high power density single

phase converter in a medium or high power range application.

(2). High temperature converter design:

As shown above, a high temperature converter design will bring system level
benefits by achieving a higher power density for transportation applications. SiC
devices provide promising performances both for higher temperature capability and
higher efficiency. Some of the previous work demonstrates the high temperature
packaging in both the wirebond and planar structure. However, the wirebond
structure will lead to a larger footprint and larger parasitic, which cause difficulty in
routing and higher loss. For the planar structure, the fabrication process is too
complex and the die-attachment material selection is too limited. In addition, a lack of
solderable devices will also constrain the application of the planar packaging. How to
design a reliable high temperature power module with smaller parasitic becomes an
important issue.

Although there was some discussion about the high temperature power module, few
papers discuss the high temperature gate drive design. Also, systematically
classification and comparison of the potential high temperature gate drive topologies
is desired. Better topologies need to be proposed if possible.

In addition, other high temperature components need to be surveyed and tested for
high temperature applications. Moreover, previous works mostly focus on the high
temperature module design, which doesn't include the whole system. Some other
functions such as the high temperature sensor, filter and protection need to be

designed.
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(3). More compact electromagnetic interference filter (EMI) design:

Previous literatures studies the EMI filter design process both for Dc/Dc and three
phase applications. However, most of the previous work focuses only on low
frequency design, but the high frequency performance is not addressed properly.
Although some literatures discussed parasitic and coupling influence to the filter
design and proposed some post-design solutions, a method to systematically design a
minimum volume EMI filter by including consideration of the non-ideal conditions is
desired. Moreover, most of the previous analysis are based on the small signal and can
hardly been duplicated in a real in-circuit power test. Before we further improve the
EMI filter design, we need to be able to predict the in-circuit attenuation and link with
the small signal test. This link allows the designer to improve their EMI filter without
proceeding back and forth with the power converter prototype, an approach that is
costly, ineffective and potentially destructive due to multiple manipulations.

Finally, it is still not known how to design an EMI filter with smaller components
coupling without post-design solutions. The relationship between magnetic

components near field distribution and excitation frequency is still not clear.

1.3 Dissertation Layout

This research report is organized as follows:

Chapter 2 studies the capacitor reduction by using the active ripple energy storage
method in the fault-tolerance transportation applications. First, the minimum ripple
energy storage requirement is derived independently of a specific topology. Based on
the minimum ripple energy requirement, the feasibility of the active capacitor’s
reduction schemes is verified. Then, a bidirectional buck-boost converter is proposed

as the ripple energy storage circuit, which can effectively reduce the energy storage
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capacitance. Moreover, this proposed topology doesn't suffer from a high voltage
problem and can easily be integrated together with the main circuit as one phase leg.
A 15 kW single phase rectifier is developed to verify the proposed active ripple
energy storage method. The proposed single phase H-bridge rectifier implemented
with the active method can decrease the volume to 70% when compared with the

traditional rectifier without the active method.

Chapter 3 studies the high temperature design in transportation applications. First, a
novel hybrid structure packaging method is proposed to utilize the benefits of both
wirebond structure and planar structure. Detailed analysis are conducted for the
hybrid structure packaging in terms of parasitic and reliability. The hybrid structure is
demonstrated with a multi-chip power module for a three phase single switch rectifier
topology. The test results prove that the developed hybrid packaging SiC power
module can support a 250°C junction temperature. Then, several different high
temperature gate drive topologies are compared and an improved edge triggered gate
drive topology is proposed for high temperature applications. Some key high
temperature components are characterized in the high temperature ambient.
Afterwards, the whole system design process including the controller, regulator,
protection, voltage sensor, etc is presented. Finally, the system is tested in the ambient

temperature from -50°C to 150°C.

Chapter 4 firstly presents a compact EMI filter design procedure with consideration
of both low and high frequency attenuation requirement. The design procedure is
conducted with the transfer gain consideration and components volume and parasitic

models are utilized in this design. Then, the optimum number of stages for the EMI
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filter can be derived based on the procedure presented above. The second part
presents the EMI noise attenuation prediction with the mask impedance. This
prediction belongs to a frequency domain method. First, the frequency domain
equivalent circuit is presented. Both the LISN, cable, EMI filter and source can not be
treated as ideal. Then, the source impedance are analyzed both for common mode and
differential mode. The anlaysis proves that, the source impedance variability can be
confined within a very small range with some external mask impedance, which means
the source impedance can be trated as a linear item. Afterwards, the experimental
results show a very good match with the prediction results both for common mode
and differencial mode. Finally, a detailed analysis for the magnetic components
coupling and its influence to the EMI filter design is presented in the third part. This
part reveales that the magnetic coupling should be divided into two categories: low
frequency coupling and high frequency coupling. It is proved that the coupling is
frequency related and the high frequency near-field distribution can be dramatically
different compared with the low frequency condition. Displacement current is the
major reason for the change in the near-field distribution. By using the Biot-Savart
equation together with the displacement current consideration, the high frequency
near-field distribution can be well predicted and matched with the experimental
results. In addition, a LC stage filter is utilized to demonstrate the influence from the

high frequency coupling.

Chapter 5 presents the summary and future works.

Chapter 6 presents the references.
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Chapter 2. Ripple Energy Storage Components

Reduction

Single-phase converter is utilized in the transportation applications with the
consideration of fault tolerance. However, it is also well-known that single-phase
PWM rectifiers have second-order harmonic currents and corresponding ripple
voltages on the dc bus. The low-frequency harmonic current is normally filtered using
a bulk capacitor in the bus, which results in low power density. However, pursuing
high power density in converter design is a very important goal in aerospace
applications. This chapter studies methods for reducing the energy storage capacitor
for single-phase rectifiers. The minimum ripple energy storage requirement is derived
independently of a specific topology. Based on the minimum ripple energy
requirement, the feasibility of the active capacitor’s reduction schemes is verified.
Then, we propose a bidirectional buck-boost converter as the ripple energy storage
circuit, which can effectively reduce the energy storage capacitance. The analysis and

design are validated by simulation and experimental results.

2.1 Introduction

A critical characteristic of single-phase PWM rectifiers is the pulsating power
transfer that occurs from the ac line to the dc bus, which generates a ripple on the dc
bus voltage at twice the line frequency when the input voltage and current are
sinusoidal. The converter input instantaneous power has then both a dc and ac
components, i.e., the ripple power. To limit this low-frequency ripple, a bulk dc-link

capacitor is usually used. This, however, results in a large converter volume and low
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power density. For aerospace application, the overall system cost will dramatically
increase with the large converter volume. The usual choice for this function is the
aluminum electrolytic (AE) capacitor, which offers low cost and a high energy density,
partially offsetting the overall increase in the power converter volume. However, this
type of capacitor is known for having a somewhat short lifetime, which is
unacceptable in many applications[106, 107]. Hence the need for a better solution to
achieve high power density in single-phase rectifiers is apparent, as is the need for an
alternative way to filter the low-frequency ripple energy intrinsic to the converter
operation [26].

Several active methods have been explored to deal with this second-order ripple
power from the ac side in single-phase applications; namely a dc ripple reduction
circuit [29-32], two-stage cascaded power factor correction (PFC) [33], parallel PFC
[34, 35], dc bus conditioners [36], and ac side active filter [1L08]. Any of these can be
used to reduce the dc ripple current, increase the regulation of the output voltage, and
improve the transient dynamic response of the system while also helping to maintain
the dc bus stability. All these methods have in common the use of an auxiliary circuit
and auxiliary ripple energy storage devices. These methods are summarized and
classified in Figure 2-1. In terms of storage elements, the methods are classified into
inductive and capacitive energy storage, whereas from a topology standpoint they are
classified into single- and multi-stage active circuits. For the latter case, the auxiliary
circuit can be connected either in series or in parallel with the main power circuit, and
its control strategy can be implemented dependent or independently of the control of

the single-phase PWM rectifier.
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Figure 2-1 Circuit and storage approach classification.

The ripple cancellation methods discussed above have not quantitatively analyzed
the low-frequency ripple energy storage requirements for single-phase rectifiers nor
have they focused on the reduction of the converter volume. In this chapter, the ripple
energy of the single-phase PWM rectifier is analyzed in detail, and a theoretical
analysis is presented to verify the feasibility of reducing the converter volume by
means of a capacitive auxiliary energy storage system. Building upon this result, this
chapter proposes a bidirectional buck-boost converter as an auxiliary ripple energy
storage circuit, which can effectively reduce the converter energy storage capacitance
and thus lead to a 50% volume reduction of the system size. The control methodology
and design considerations of this bidirectional buck-boost converter are presented in
this chapter. Finally, simulation and 15 kW experimental results are provided for

verification purposes.

2.2 Single-Phase Rectifier Ripple Energy Analysis

The traditional H-bridge rectifier has a simple circuit topology and a low component
count. This leads to low cost and high efficiency [109, 110]. The following analysis
examines a single-phase PWM rectifier prior to the selection of a specific energy

storage component, as shown in Figure 2-2.
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Figure 2-2 A typical H-bridge single phase PWM rectifier.
The ac supply voltage us and current is are assumed to be sinusoidal, as shown in the
following equations:

u,(t) =U, sinat (2-1)

iy (t) = I, sin(et - ) (2-2)
where Us and Is are the voltage and current peak values, respectively; ¢ is the angle
between the supply voltage and current; and @ is the supply angular frequency. The

supply power from the ac source can be expressed as :

Ry =Us (0,(1) = 5 c08 p - =2 = cos(2e — ) (2-3)
The energy of the input inductor can be expressed as (2-4) and the corresponding

power is (2-5)
1, . 1 5.0
E. :ELls (t) :ELIS sin“(wt — @) (2-4)
P, = wLI?Zsin(at — p) cos(at — @) (2-5)
where L is the input inductance.

The input power of the rectifier after the input inductor can be obtained by

subtracting (2-3) and (2-5).
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P.=P +P :%cosqo—(%cos(za—goﬂ

2
oLl

sin(2at —2¢))  (2-6)

As we can see in (2-6), the instantaneous power consists of two parts: a constant

power and a ripple power, defined respectively in (2-7) and (2-8).

P = USZIS Cos @ (2-7)
2
P = —(USZ'S cos(2at — ) + ‘”';'s sin(2at — 2¢)) (2-8)

The constant power (2-7) feeds the dc load, whereas the ripple power (2-8) is a

second-order harmonic power, which can be rewritten in the following form.

212 2
P :\/_UZIS c052¢+($2|5—%sin qo)z sin(Rat — 29 + v) (2-9)
USIS
—0sg
where w = arctan .
%_%Sln
2 2 v

If an ideal lossless power converter is assumed, the output power P equals the

constant power in (2-7). The peak ac-side supply current can then be expressed as
follows.

2R,

| =—
" U_cosg

(2-10)

By using the ripple power (2-9) and peak current (2-10), the ripple energy can be
determined as,

P* 4 ( 2a)LFf)2 _p Singo)2
- P o ° Ulcos’p " cose

P = = (2-11)
0] w
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Equation (2-11) shows the relationship between the ripple energy, the output power,
the ac input voltage, the ac frequency, the input inductor and the input power factor.
The only way to avoid this ripple from affecting the dc load is to provide an
alternative ripple energy storage device or component, which should simply act as a
ripple filter.

The parameters of an example 15 kW single-phase PWM rectifier are summarized in
Table 1-2. With the above analysis, the relationship between different variables and
ripple energy is plotted in Figure 2-3 and Figure 2-4.

Figure 2-3 shows the relationship between the ac side supply frequency, power angle
and ripple energy with the condition of a fixed 1.24mH input phase inductor. It can be
observed that the supply frequency has an obvious influence on the ripple energy, and
the lowest supply frequency leads to the worst case for the ripple energy storage.
Figure 2-4 shows another relationship between the phase inductor, power angle and
ripple energy with the assumption of a fixed 233Hz supply frequency. We can see an
obvious influence of the phase inductor on the ripple energy. With unity power factor,
the higher the inductance, the more ripple energy needs to be stored. This can be
considered as a tradeoff between the system ripple energy and the ac side current
harmonics. The reason can be explained by (2-8). The total system ripple power is
composed of two parts: The first part of the ripple power comes from the ac source;
this is characteristic of the single-phase system, because the power is not balanced.
The second part of the ripple power comes from the phase inductor, especially when
the phase inductance and supply frequency are high and the influence is more

obvious.
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Figure 2-3 The relationship between f ¢ & ripple energy.
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Figure 2-4 The relationship between L ¢ & ripple energy.

As shown in Figure 2-3 and Figure 2-4, there is a minimum of 17.3 J ripple energy
for the example single-phase system, regardless of energy storage component types or

rectifier circuit.
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2.3 Inductive Energy Storage Analysis

2.3.1 Optimum energy storage inductor design methodology

In principle, both the capacitor and the inductor can be used as energy storage
components in an electrical circuit. This section will focus on the inductor energy
storage and the minimum volume inductor will be designed according to the optimal
design procedure.

Figure 2-5 shows the design process. The purpose for this design is to select the
minimum size inductor with a given ripple energy and the frequency. We can traverse
all the possible core materials, core shapes and core dimensions. The inductors that
satisfy all the design constraints will be saved. The minimum size inductor will be

picked up from these inductors.

Design Conditions

| |
|

: r{Energy)—,‘, :
| )

Frequency  Inductance Current

Design Constraints Design variables

Optimum flux density calculation
Core material

1

[

I

I Temperature rise

I - ,

| Saturation flux density Iﬂ Core & winding loss calculation
[

[

I

Current density H Thermal calculation
requirement

Core shape

Core size

Minimum size
design

Figure 2-5 Minimum size inductive ripple energy storage design process

The detailed design process is shown as:
Step 1: Determine a core type, specify the temperature rise requirement.

(1). Determine the core material. (Ferrite, Amorphous, etc)
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(2). Determine the core type. (C core, EE core, etc)
Step 2: Calculate the core loss:
Pc :Vc K- ffixeda '(AB)ﬂ (2'12)

Step 3: Calculate the winding loss:

1

S (2-13)
( ANindr(:w Ku )

R, =K, -n-MLT -

Where: n= max
A-B

max

Step 4: Calculate the total loss and derived the optimal flux density

K, -MLT-L2-12, 12

Pow =V, K- frs” - (AB) + 2 214
total c fixed ( ) Aé . ANindow . Ku . (AB)2 ( )
Optimal flux
2 . density

By using AR =0 -
. Minimum
total loss
Figure 2-6 Minimum loss design
As shown in (2-14), the optimal flux corresponding to the minimum loss can be
derived. It should be within the core material’s reasonable region.
Step 5: Calculate the temperature rise according to the minimum total loss. The
temperature rise should be within our requirements.
Step 6: Determine the minimum size.

We can select the minimum size that reaches all the requirements.
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Table 2-1 Magnetic material characteristics

Material Bsat/Bmax | Core loss density (mW/cmg3) Manufacturer
(T) Peore=K*f*a*B"p
Ferrite P 0.5/0.35 K=18.092, a=1.63, p=2.62 Magnetics
Finemet FT-3M 1.23/0.8 K=8, 0=1.62, p=1.98 Hitachi
Supermalloy 0.8/0.65 K=12.25, 0=1.7, p=1.937 Magnetic Metals
Amorphous- 1.56/1 K=58.6, 0=1.32, 3=1.68 Metglas
2605SA

Table 2-2 Design conditions and constrains

Material Bsat/Bmax (T)
Supply frequency 466 Hz
Storage energy 18
Maximum temperature rise 100°C
Current density constrain <800A/cm?

Table 2-1 shows four different core materials parameters. They are ferrite core,
finemet core, supermalloy core and amorphous core. The design constrains are
summarized in Table 2-2.

C core and Toroid core are selected as the core shape.

To simplify the analysis, both the C core and toroid core dimensions are shown in

Figure 2-7.
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(a). C core (b).Toroid core

Figure 2-7 Dimension for the C core and toroid core
The C core inductor volume, surface area and mean length per turn are derived

from (2-15) to (2-17).

V=(a+2b)-(b+a-Ku)-(a+2b+a-Ku) (2-15)
A, =8ab+8a’Ku +2ab® +4b® (2-16)
MLT =4b+2a-Ku (2-17)

The toroid core inductor volume, surface area and mean length per turn are
derived from (2-18) to (2-20).

_ nd(a-2c+2d)?

Y, ; (2-18)
MLT =2d +2b (2-19)
A =n{(a_zc+2d§ ~(@-20)" | a_2c+2d)-d +(a—2c)-d} (2-20)

Where: ¢ =

a—av1-Ku d- J(a+2b)2 +a’Ku —av1-Ku
5 =

2

2.3.2 Inductive energy storage design results

Design example: (C core, Amorphous Core (2605SA))
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Figure 2-8 Minimum inductor design result with Amorphous C core
Figure 2-8 shows the design result with amorphous C core. The minimum volume
with the Amorphous core is 2.8L.
The calculation results are summarized in Table 2-3:

Table 2-3 Calculation results for different core shapes and core materials

Miminum volume Finemet Ferrite Amorphous | Supermalloy
(unit: L) (Bmax<0.8T) | (Bmax<0.35T) | (Bmax<l1T) | (Bmax<0.65T)
C 3.281 6.67 2.789 3.921
Toroid 3.41 6.9 3.11 4.076

With a certain energy storage requirement and operating frequency, inductor and
capacitor volume is compared and shown in Figure 2-9. The inductor is found not to
be as good as a capacitor in terms of energy density for an application using a few
hundred hertz. There are two major reasons for this preliminary conclusion. First, the
magnetic material saturation flux will limit the volume. In order to meet the flux
saturation requirement for the energy storage inductor, a larger magnetic core size is

required. Second, the inductor has more loss compared with the capacitor, in order to
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meet the temperature rise requirement, more volume is required for thermal

dissipation.
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£ c}q} /7
3 24 &
o O
> QO S 4
£ 15+ &,
E , 74
E 1 . ,: - % / gt
= ety Capacitive
Energy storage
0.5+ S X 18
0
1000

10
Energy (J)

Figure 2-9 Inductor and capacitor energy storage comparison

2.4 Capacitive Energy Storage Analysis

With the conclusions drawn above, the following analysis and study is focused on
the capacitive energy storage. With a given voltage rating, the selection of the
capacitor is based on two aspects: capacitance and current rating. Thus the capacitive
energy storage analysis should be conducted based on these two aspects. When
charging a capacitor, its voltage increases from the capacitor’s minimum value to the
maximum value. When discharging a capacitor, its voltage decreases from the
maximum value to the minimum value. Consequently, the voltage ripple fluctuation
of a capacitor makes it capable of absorbing ripple power. For a conventional single-
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phase PWM rectifier design, a ripple energy storage capacitor is usually put in the dc
bus when there is a tight voltage ripple requirement. With the derived single-phase

ripple energy requirement (2-11) and the voltage ripple requirement AU, the dc bus

capacitance needed can be calculated as (2-21):
20LP] i
P2 4 ( Za) o _p, smqo)2
c UScos® ¢ cos ¢
b 2U AU, o

(2-21)

Then, based on this equation, a 1.6mF dc bus capacitance is needed with the 2% dc
bus voltage ripple requirement for the example converter specified in Table.2-1. The
corresponding current rating of the capacitor is then given by:

icb rms — P"_Peak (2-22)
-y,

If we were to use capacitors to store the ripple energy and neglect a specific
application, we could determine the capacitor voltage and capacitor current for
absorbing a sinusoidal ripple power using the following equations.

Let’s suppose the ripple power goes to the capacitor can be expressed as:

P =P

r r

 peak SIN(2at) (2-23)

If the capacitor voltage is expressed asU ., based on the power balance relationship,

cs?

the differential equation is shown as:

205 2|:)r eak -
dlét = C—" K sin 2at (2-24)

S

Solving this differential equation yields the capacitor voltage:

Cs
S

Pr peak
U, =.——(k—cos2at) (2-25)
C.w

U2 C.@
where k= === 1 (k=1),

r_ peak
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Then, the low-frequency capacitor current can be expressed as:
P, peax SIN 200t
s = S = (2-26)
\/'—peak (k — cos 2at)
C.ow

S

The coefficient k is defined as the energy storage margin coefficient; its physical

meaning can be expressed by (2-27).

k +1 _ Ecs_max

> = (2-27)

If k=1, the maximum energy stored in the capacitor is equal to the ripple energy,
which means the capacitor is totally charged and discharged. The higher the value for
k, the more redundant energy that is not used is stored in the system. For example, if
we put the 1.6mF dc bus capacitor in the single-phase system with the parameters
summarized in Table 1-2, then the energy storage margin coefficient is k=14, which
means 86.7% of the energy stored in the dc bus capacitor is redundant.

To help visualize a smaller redundant energy storage (smaller k) in the single-phase
system, Figure 2-10 plots the capacitor voltage and capacitor current with k=1, k=1.5
and k=2 according to (2-25) and (2-26). The capacitance selected for energy storage is
200pF.

As shown in Figure 2-10, k=1 represents the total charge and discharge. The
capacitor voltage increases from zero to its maximum value during charge, and
decreases from its maximum value to zero during discharge. The low-frequency
capacitor current shows the highest peak and RMS values. When increasing k, both
the capacitor voltage ripple and low-frequency capacitor current have a more
sinusoidal shape. This is the reason a high k in a traditional single-phase rectifier

makes the dc bus voltage ripple look like a second-order sinusoidal shape. Figure 2-10
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also shows a higher k leading to a smaller capacitor current and smaller capacitor
voltage ripple.

The 3D low-frequency capacitor voltage and capacitor current are plotted in Figure

2-11.
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Figure 2-10 Low-frequency capacitive ripple current and capacitive ripple voltage.
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Figure 2-11 Low-frequency capacitive ripple voltage (a) and capacitive ripple current (b).

As mentioned above, given a certain voltage rating, the capacitance and current
rating are the two major factors that influence the selection of capacitors. Then, after
derivation the capacitor voltage and current for the ripple energy storage, the
capacitance and current rating analysis for the ripple energy storage needs to be
conducted.

If we consider a complete charging and discharging of an auxiliary capacitor using
the active method, as shown in equation (2-27), then k=1 , and the auxiliary capacitor

voltage is charged from zero to a peak value; say U With these values, the

c_ peak "
minimum capacitance can be derived as

2P
r_ peak (2'28)

C. =
S | |2
c_peaka)

Similar to the capacitance derivation, when fully charging and discharging the
capacitor, the RMS current of the auxiliary capacitor can be derived from its current

equation, as shown below.
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a)%’ P e SIN 200t

i _ |@ ( r_pea

P
° \/r-”eak (1- cos 2t)
C.o

)2dt = /P,

r_peak

C, o (2-29)
Replacing (2-28) in (2-29) finally yields

V2P
o e = ek (2-30)

c_ peak

It is a common practice to limit the system voltage to be as low as possible. In this
chapter, the analysis and discussion are based on the assumption that the peak value of
the energy storage capacitor voltage should be no higher than the dc bus voltage,
which is 540 V in our example system. If this limit is relaxed, the same design and
analysis procedure can be applied, but the results would naturally differ.

Equation (2-21) shows the conventional designed capacitance C, needed for

filtering the second-order ripple power if put in the dc bus, while (2-28) shows the

capacitance C, needed with the ideal condition that it can be totally charged and

discharged. Figure 2-12 shows the capacitance comparison between the conventional
method and the active method. Whereas in the former case a bulk dc-link capacitor is
used, in the latter the active method is applied to completely charge and discharge the
ripple energy storage capacitor. One horizontal coordinate is the dc bus voltage ripple
requirement for the conventional design. The other horizontal coordinate is the peak

voltage value U ., of the auxiliary capacitor, which is fully charged and discharged.

The vertical coordinate is the capacitance reduction using the active method compared
with the traditional method. For instance, if the auxiliary energy storage capacitor
voltage can be charged and discharged between zero and the dc-link bus voltage 540
V, the energy storage capacitance in the active method can decrease 12.5 times when
compared with the conventional method within the 2% dc bus voltage ripple
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requirement. That means the capacitance can decrease from 1.6mF to 125uF. In
addition, a higher auxiliary capacitor peak voltage and the lower dc-link voltage

ripple requirements lead to a further reduction of the capacitance by using active

method.
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Figure 2-12 Capacitance comparison results between the conventional (passive) and active
methods.

Besides the capacitance comparison between the traditional method and active
method, a current-rating comparison between the conventional and active methods is
also conducted, as shown in Figure 2-13. The current rating calculation of these two
conditions are based on (2-22) and (2-26). As we can observe in Figure 2-13, the
active method always has a higher current rating than the traditional method. If the
auxiliary capacitor is completely charged and discharged between zero and the dc bus
voltage, the current rating will increase to twice that of the conventional method. In
addition, a lower auxiliary capacitor voltage results in a higher current rating when

using the active method.
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Figure 2-13 Current rating comparison results between the conventional (passive) and active
method.

As mentioned above, the analysis and discussion in this chapter are based on the
assumption that the peak value of the energy storage capacitor voltage should be no
higher than the dc bus. Thus the voltage rating of the energy storage capacitor in both
the traditional method and the active method stays the same. After viewing the
capacitance and current rating comparisons between the traditional method and the
active method shown in Figure 2-12 and Figure 2-13, an obvious tradeoff can be
observed. By using the active method instead of the traditional method, the
capacitance will decrease, but the current rating will increase. For instance, the active
method will decrease the capacitance 12.5 times but increase the current rating to
twice that of the traditional method in the example system shown in Table 1-2. Then,
with a certain voltage rating, if the capacitance is the bottleneck for selecting the filter
capacitors, a much smaller capacitor size will be achieved by using the active method,
even though the current rating increases. This is because the active method is more
effective in storing the ripple energy. It's also reasonable to increase the whole

system’s power density by using the active method. In addition, by decreasing the
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capacitance, a longer life-time film capacitor can be used instead of an electrolytic

capacitor.

2.5 Proposed Active Ripple Energy Storage Method

In the previous sections, we verify the feasibility of decreasing the capacitor size with
an active method. The proposed topology for the ripple energy storage method is

shown in Figure 2-14.
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Figure 2-14 Topology of the ripple energy storage method.

In addition to the typical H-bridge rectifier, another bidirectional buck-boost
converter connected on the dc bus works as an auxiliary circuit. The auxiliary circuit
is composed of one phase leg, an auxiliary inductor, and an auxiliary capacitor. The dc
bus voltage is still controlled by the H-bridge rectifier, while the ripple power that
comes from the ac side is controlled by the auxiliary circuit. The auxiliary capacitor

C, is used as the energy storage component, and the auxiliary inductor L, works as

the energy transfer component that transfers the ripple energy between the auxiliary
capacitor and the dc bus. When the ripple energy needs to be transferred from the dc

bus to the auxiliary capacitor, switch S5 is used to control the auxiliary circuit
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working in buck phase. During the turn-on interval of switch S5, the dc bus charges
both the auxiliary inductor and the capacitor. The auxiliary inductor will further
release its energy to the auxiliary capacitor during the S5 turn-off interval. If the
ripple energy needs to be released from the auxiliary capacitor back to the dc bus,
switch S6 is used to control the auxiliary circuit working in boost phase. During the
turn-on interval of switch S6, the auxiliary inductor is charged by the auxiliary

capacitor. During the turn-off interval of S6, both the auxiliary capacitor C, and
auxiliary inductor L, will release energy back to the dc bus. Because the auxiliary

capacitor is not put in the dc bus and there is no requirement for the auxiliary

capacitor voltage ripple, using the auxiliary capacitor C, to store the ripple power is

much more efficient than using the dc bus capacitor, as stated above. Notice that a dc

bus capacitor C, is still needed at the output of the PWM rectifier for filtering the

high-frequency ripple power and very minor low-frequency ripple power that is not

totally assimilated by the auxiliary circuit. However, in this case C, is significantly

smaller than what it would be in the conventional method without the auxiliary ripple
energy storage circuit.

The proposed active ripple energy storage method has several advantages. As shown
in Figure 2-14, the active components in the auxiliary circuit form a typical phase leg
(S5 and S6), which could be easily integrated together with the main circuit as another
phase leg. Then, one three-phase module can be used for both the H-bridge rectifier
and the auxiliary circuit, which will simplify the whole system hardware design.
Meanwhile, because the auxiliary circuit belongs to the voltage step-down circuit,
there is no voltage higher than the dc bus in this system.

As mentioned above, the inductor is found to not be as good as a capacitor in terms

of energy density for applications of a few hundred hertz. Therefore, the auxiliary
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circuit is controlled in discontinuous current mode (DCM) to store all the ripple
energy stored in the auxiliary capacitor but not in the auxiliary inductor. This means
the auxiliary inductor works only as an energy transfer component. During each
switching period, the auxiliary inductor releases all its energy to the dc bus or to the
auxiliary capacitor. Therefore, once the ripple energy storage requirement is defined,
the minimum required capacitance is also fixed. As observed in Figure 2-12, by using
the active method, the capacitance can decrease to 12.5 times less than the
capacitance with the traditional method. Thus, the theoretical minimum capacitance is
125uF. As shown in Figure 2-10 and Figure 2-11, a total charge and discharge of the
capacitor leads to a high capacitor current rating. To leave some margin, the auxiliary

capacitance C, in our system is selected as 200pF. The dc bus capacitor C, put in the

system to filter the high-frequency ripple is selected as 140uF. The auxiliary
inductance is selected as 45 pH and the detailed design process is shown later in this

section.
2.5.1 Auxiliary circuit control method
b iLyic, A

Buck rising
edge

-
)

(a) Buck charging phase
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Figure 2-15 Charging and discharging duty-cycle generation strategy.

Because the switching frequency (20 kHz) is much higher than the second-order
ripple frequency (466 Hz), during one switching period, the dc bus voltage and the
auxiliary capacitor voltage can be considered constant. This means the auxiliary
inductor can be considered to be linearly charging and discharging during each
switching period. The auxiliary inductor current slopes can in turn also be considered
constant. Figure 2-15 (a) shows the inductor current-charging phase for one switching
period. t1 indicates the turn on time for switch S5; the inductor current increases
linearly and the circuit is working in buck phase. After t1, switch S5 is turned off, and
the inductor transfers its energy to the auxiliary capacitor. Because of the DCM, the
inductor current goes to zero at time t2. Figure 2-15 (b) shows the inductor current
discharging phase within one switching period, in which t1 is the turn-on time for
switch S6. The inductor is also linearly charging, but the current direction is opposite
that of the buck charging phase.

The control objective is to regulate the average auxiliary inductor current (the large

triangular area, including t1 and t2) during one switching period following the current

46



reference derived in (2-26). Then, the duty cycle (corresponding to t1) both for S5 and
S6 can be directly generated by calculation.

Defining the buck slope and boost slope as (2-31) and (2-32),

Boost _slope = ULCS = (2-31)

- |
Buck _ slope = Ud—LU"S == (2-32)

For the buck charging phase, the relationship between two time intervals t1 and t2
can be expressed by:

_ Buck _slope

t2=
Boost _slope

(2-33)

According to the control objective, the average current within one switching cycle

should be equal to the current reference; that is,

1 N Buck _slope-tl1

~(t1 -Buck _slope-tl=i_ -T 2-34
2 ( Boost _slope ) S0P e (2-34)
Then the duty cycle for the charging phase can be derived as
2-i - f
b1= Buck siope (2-35)
@+ ;p) -Buck _slope
Boost _slope

For the boost charging phase, the two time intervals’ relationship can be expressed as

follows:

_ Boost _slope

t2 =
Buck _slope

(2-36)

Like the derivation in the charging phase, the average current of the discharging

phase within one switching period should also be equal to the reference:

1 Boost _slope-t1

= (t1+
2 Buck _slope

)- Boost _slope-t1=i - T, (2-37)
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Then, the duty cycle for the discharging phase can be derived as

2-i, - f
Dl — CS S (2'38)

@a+ Boost—_slope) - Boost _ slope
Buck _slope

Equations (2-35) and (2-38) determine the duty cycle control laws for the charging
and discharging operating modes.

The control method for the auxiliary circuit belongs to the feed-forward digital
control. The duty cycle is directly calculated according to other system variables.
However, it is not straightforward to obtain the current reference in (2-25), since this
expression is derived based on the ripple energy balance. A similar but simpler duty
cycle generation method based on the ripple current is proposed and implemented in
our real application. In terms of the ripple current, the auxiliary circuit works as a
parallel ripple-current filter, which is depicted in Figure 2-16. Compared with the
traditional parallel active power filter, no inductor is connected in series with the
auxiliary circuit input port. To prevent the ripple current from disturbing the load, the
compensation current generated by the auxiliary circuit is used to counteract the ripple
current. Because the compensation current is discontinuous, the auxiliary circuit has

only a low-frequency ripple-current compensation capability, which is the objective.

Load
Compensation

“eﬁ\}“e current
\e | Kl |
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Figure 2-16 Auxiliary circuit working as a parallel ripple current filter.
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The second-order low-frequency ripple current that comes from the ac side can be
calculated by the H-bridge rectifier. Figure 2-17 shows the system control schematic.
There are two loops for the H-bridge rectifier control [111]: the inner loop controls the
ac current, and the outer dc bus voltage loops controls the dc bus voltage. A phase-
locked loop (PLL) is used to track the ac voltage phase information [112]. These
design considerations are shown in the next section. The ac-side current is sensed to
control the inner current loop. By using this detected ac current and the control duty
cycle generated for the H-bridge rectifier, the ripple current going to the dc bus can be
derived as:

i iope = (2D —1) i (2-39)

Lipple

This ripple current is taken as our compensation current reference for the auxiliary
bidirectional converter, which is similar to the previous derivation. As shown in
Figure 2-15 (a), during the buck charging phase, the average compensation current
going through switch S5 within each switching period can be calculated by the shaded
triangular area (corresponding to t1). This compensation current should equal to the
ripple current coming from the ac side. For the boost discharging phase, the average
compensation currents going through switch S5 within one switching period can also
be calculated by the shaded triangular area (corresponding to t2) in Figure 2-15 (b).
Then the duty cycle for the charging phase is derived as (2-40), and the duty cycle for

the discharging phase is derived as (2-41).

D1= M (2-40)
Buck _slope
D1 21y, - fo - Buck _slope (2-41)
Boost _ slope®
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Figure 2-17 Control schematic figure for the system.

Besides the typical H-bridge rectifier control, the dc bus voltage and auxiliary
capacitor voltage are sensed to generate the duty cycle for both charging and
discharging phases shown in (2-39) and (2-40). If the compensation current is positive,
the auxiliary circuit is controlled in the buck phase to assimilate the ripple power from
the dc bus to charge the auxiliary energy storage capacitor. Similarly, when the
compensation current is negative, the auxiliary circuit is controlled in the boost phase
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to release the ripple energy stored in the auxiliary capacitor back to the dc bus. To
prevent the overcharging and discharging of the auxiliary capacitor, another voltage
loop is used to control the average value of the auxiliary capacitor voltage, where a 10

Hz low-pass filter is used to sense the average value of the auxiliary capacitor voltage.
2.5.2 H-bridge rectifier control method
2.5.3 Design considerations

A. H-bridge Modulation Method

Fig. 2-17 shows the single-phase discontinuous PWM modulation method [113].
One phase leg will not switch within half of the supply frequency. This DPWM
method can lead to the minimum switching loss with a fixed switching frequency.
Some variable switching frequency scheme can be used to further reduce switching
loss within a given THD requirement. [114]

However, although the DPWM method shown in Figure 2-18 shows the minimum
switching loss, it would lead to a thermal unbalance problem, which would not fully

utilize the cooling system.

: ‘4_: P.V.VM_1
Modulation | p | PWM_2

—_—l et

I PWM_3

.
p | PWM_4
NOT p——>p

Figure 2-18 Single phase discontinuous PWM modulation method.
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Figure 2-19 Discontinuous PWM method simulation results.

S1 i

Figure 2-19 shows the simulation results of the modulation method in Figure 2-18.
S1 and S2 are clamped when S3 and S4 are switching during half of the supply
frequency. During the clamp period, S2 is always turned on and S1 is always turned
off. Then, the loss distribution is not equal for the top and bottom switches.

(0,0) (0,0) (0.0)

(0.1) (0.1) (0.1)

(1,0) (1,0) (1,0)

(0,0) (0,0) (0,0
(a) Asymmetrical zero vector
(0,0) (1,1) (0,0)

(0.1) (0.1) (0.1)

(1,0 (1,0) (1,0)

(0,0) (1,1) (0,0}

(b) Symmetrical zero vector

Figure 2-20 Terminal voltages and voltage vectors.

The reason for the unequal loss distribution is shown in Figure 2-20 (a). The only

zero vector (0,0) is inserted with the previous method and causes this asymmetrical
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problem. To prevent this, a symmetrical zero vector inserting method is proposed and
shown in Figure 2-20 (b). Zero vectors (0,0) and (1,1) are inserted alternatively
between each switching period.

The symmetrical zero vectors simulation results are shown in Figure 2-21. The loss

distribution is uniformed for all the switches.

S1
S2

S3
S4

200 197W
is1(A) I | | |

-100
200

is2(A)
-100

197W

Figure 2-21 Symmetrical zero vector method simulation results
This leads to balanced thermal performance, and has been verified in a hardware test

for better utilization of the heat sink.

B. Modeling of the H-bridge Rectifier

The H-bridge rectifier average model can be depicted in Figure 2-22.

Figure 2-22 Average model of the H-bridge rectifier
The state space equation based on the average model of the H-bridge rectifier can be

derived as:
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With the assumption that the output dc bus voltage does not change too much, the
control to inductor current transfer function and the control to the dc bus capacitor
voltage transfer function can be expressed as:

2+5sRC

G, (s)=V
a () °D?R+sL+s?*R-L-C

(2-43)

-D-R-V, +sR-L-I,
D?R+sL+s?R-L-C

Gy (8) = (2-44)

A second order Butterworth low pass filter is used to filter the sensed signal. Its
effect should be considered in the controller design. The schematic diagram of the

second order Butterworth filter is depicted in Figure 2-23.

A_GND

Figure 2-23 Second order butterworth filter
If the relevant parameters satisfy the relationship of: R, =R,and C, =2C,
Then the corner frequency can be expressed as:

1.414

- il 2-45
corner 2 T Rl . Cl ( )
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Then, the transfer function of the inner loop gain without compensation can be

expressed as:

T

inner — C;id xG (2_46)

filter

For the single phase rectifier, because the input voltage is sinusoidal, the duty cycle
will not be fixed. When increasing the duty cycle from its minimum value (D=0.1) to
its maximum value (D=0.9) , the low frequency inner loop gain will decrease and the
cross-over frequency will increase, which means the maximum duty cycle D=0.9 is
the worst case.

A Pl compensator is designed for the inner current loop according to the maximum
duty cycle. The cross over frequency is designed to be 5 kHz, and the phase margin is
40°.

The outer voltage loop will be designed according to the designing results of the

inner current loop.

Figure 2-24 H-bridge control system schematic

Figure 2-24 shows the control topology for the two loops, the transfer function from
the current reference to the dc bus voltage can be expressed in (2-47) according to the
mason equation.

G, =t - CaCGu (2-47)
i, 1+G,G

ci —id

The outer loop compensator is also a Pl controller.
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C. Auxiliary Inductance Selection

As mentioned above, the auxiliary circuit works in DCM, and the auxiliary inductor
is the ripple energy transfer component. There are two criteria for selecting the
auxiliary inductance L, : The first criterion is the DCM limit, and the second criterion
is the peak current limit.

As shown in Figure 2-15, in order to maintain DCM operation, which means

t1+t2<T, the auxiliary inductor selection limit can be calculated as:

112
= ~Us (2-48)
LJd

T, UU

Equation (2-48) indicates that, with a certain switching frequency, the inductance
should be smaller than a certain value to make sure the circuit works in the DCM
range.

Meanwhile, the auxiliary circuit has one phase leg, which has the maximum current
rating requirement. As shown in Figure 2-15, the peak current value in the buck
charging phase and boost discharging phase can be expressed as:

Buck _slope-D1-T, <1 (2-49)

peak

Boost _slope-D1-T, < | (2-50)

peak
Then the auxiliary inductor selection limit based on the peak current requirement is
calculated as (2-51). The auxiliary inductance needs to be bigger than a certain value

to make sure the peak current is lower than the requirement.

Z'Q'Ts‘uduw__ué
|2 u,

peak

L>

(2-51)
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Figure 2-25 Auxiliary inductor selection.

Using (2-48) and (2-51), the auxiliary inductor selection range is plotted in Figure
2-25. The auxiliary inductance is selected as 45 pH in the system with the 20 kHz
switching frequency and 200 A peak current rating considerations.

Copper foil is utilized as the auxiliary inductor winding. Since the inner winding has
the worst thermal dissipation performance, asymmetrical air-gap structure is utilized
to fabricate the auxiliary inductor in order to conduct better thermal distribution. As
shown in Figure 2-26 (a), the air-gap only exists on one leg of the amorphous CC
core. Copper foil winding is winded on the leg without air-gap to reduce the inner
eddy current. The fabricated inductor is shown in Figure 2-26 (b). By using the
asymmetrical design, the hot spot temperature (inner winding) can decrease from
249°C to 164°C compared with symmetrical design. It has been verified from the

15kW full power test, which is shown in Section 2.6.
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(b) Fabricated copper foil winding auxiliary inductor with asymmetrical air-gap

Figure 2-26 Asymmetrical air-gap core design

D. Phase Lock Loop Control
Figure 2-27 shows the single phase phase lock loop control schematic diagram.
With assumption that:
U, *(t) = A-sin(6+9) (2-52)
¢ is the difference angle between the input signal and output signal.
Then, the error can be expressed as:
V, = A-sin(@+¢)-cos@—sing-cos o (2-53)

Rewrite (2-53) in another form, the error can be expressed as:
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A-sing (2-54)

v =\/(A~cos¢—1)2 . A -sin® ¢ Sin20+ 1)+

¢ 4

A-cosg-1

Where  =arctan
v ( A-sing

)

U*s

(sinB+®) @ + Ve = w j'

A

 J
Y

A

0.5%sin(20)

cos(0)

A

Figure 2-27 Phase lock loop control schematic

There are two parts in (2-54). The first part is the sinusoidal part, which is an
ac component and the second part is a dc component. AC component will be
eliminated by the low pass filter component. The dc component will generate a

negtive feedback, which will helps to eliminate the error.

2.5.4 Simulation results

The simulation parameters of a single phase PWM rectifier are the same as those
summarized in Table 1-2. As mentioned in the previous section, the auxiliary
capacitor C, is selected to be 200 uF, which is larger than the optimum value of 125
uF. The dc bus capacitor C, is 140 pF, and the auxiliary inductor L is 45 pH. By

using Synopsys Saber as a simulation tool, the ripple energy from the ac side of the H-

bridge rectifier was verified to be effectively stored in the auxiliary capacitorC, .
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(b) Simulation waveforms when the auxiliary circuit is active

Figure 2-28 Simulation waveforms with active ripple energy storage.

As shown in Figure 2-28, the top two digital signals are the gate signals for the

auxiliary circuit switch S5 and S6. During the buck charging phase, S5 switches and
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S6 is turned off. During the boost discharging phase, S6 switches and S5 is turned off.
The dc bus voltage, auxiliary capacitor voltage and auxiliary capacitor current are also
shown in Figure 2-28. Before 0.6 s, the auxiliary circuit is active, and most of the
ripple energy is stored in the auxiliary energy storage capacitor. Under this condition,
the dc bus voltage ripple is within the required 2 % limit, even with a 140 pF
auxiliary energy storage capacitance; using the conventional method, 1.6 mF was
needed to meet the same requirement. The voltage ripple of the auxiliary capacitor is
between 300 V and 500 V. The auxiliary circuit is controlled such that it works in
DCM. After 0.6 s, the auxiliary circuit is inactive. Since most of the ripple energy

goes to the small dc bus capacitor, a large dc bus voltage ripple can be observed.

Ug

route3

Typical single phase I_K}—l
PWM rectifier : Y Y e
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e ey woreae aveaTOt@2

Bidirectional Buck

Figure 2-29 Different paths for the current ripple in the system.

As mentioned above, with a given voltage rating, both the capacitance and current
rating influence the selection of the capacitor. From Figure 2-29, only the low-
frequency current comparison between the traditional method and the active method
is analyzed. Once the active method topology and control method are fixed, a current
rating comparison can be conducted between the traditional method and the active

method for the total current, including the high-frequency component. As shown in
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Figure 2-29, there are three current paths in this system. Current path 1 corresponds to
the current coming from the H-bridge rectifier. It is composed of two parts; the dc
current that feeds the load and the ac ripple current. The ac ripple current coming

from the H-bridge rectifier is named asi,, . For the traditional method, the i, goes to
the dc bus capacitor. Current i, is also composed of two parts; the second-order low-

frequency part and the high-frequency part. The current path 2 corresponds to the
current coming from the auxiliary circuit. It also contains a low-frequency part and a
high-frequency part. According to our control target, the low-frequency current that
comes from the auxiliary circuit will compensate the low-frequency current that
comes from the H-bridge rectifier, so that no low-frequency current will go to the dc
bus. Because both path 1 and path 2 include an inductor, which can be considered to
be high impedance for the high-frequency current ripple, the high-frequency ripple
currents generated from path 1 and path 2 will go to path 3, which is the dc bus
capacitor. With this active ripple energy storage method, the ripple current coming
from the H-bridge rectifier, the auxiliary capacitor ripple current, and the dc bus
capacitor ripple current are summarized in Table 2-4. The capacitor ripple current can
be derived from simulation or calculation [115]. The traditional method would use a
1.6mF capacitor in the dc bus, which has a current rating of 57 A. The active method

can split the 1.6 mF capacitor into two smaller capacitors, the 200 uF C, and 140 pF
C,. The RMS current of these two capacitors are 58.2 A and 62.6 A, respectively. The

total RMS current, including the high-frequency part, is also almost double that of the

traditional method.

Table 2-4 RiPPLE CURRENT COMPARISON
icy icy [0

Ripple Current (A,RMS) 57 62.6 58.2
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Figure 2-30 Main component volume and system layout comparison between the active method
and the conventional method.

A real design is conducted first, and a comparison of the volume of the main
components in the conventional method and the active method is summarized in

Figure 2-30 (a). By using the active method to store the ripple energy in a more
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effective way, the volume of the energy storage capacitor significantly decreases from
4.23 L to 0.95 L. The auxiliary circuit, however, increases the system losses, which in
turn increases the heatsink volume. An additional inductor and a larger switch
component are needed in the active method as well. As a consequence, the whole
system volume decreases to 48.3 % of the volume of the conventional method.

Figure 2-30 (b) illustrates the layout design and the volume of the main components
by percentage for both the conventional method and the active method. The ratio of
the capacitors to the whole volume can decrease from 83% to 39%. Because of the
auxiliary circuit used in the active method, the active method has an estimated
efficiency of almost 1.8 % lower than the traditional method. For a further increase of
the system power density, some other methods should be considered, such as special

and thermal design [116-118]. This chapter focuses on the dc bus capacitor reduction.

2.6 15kW Prototype Design and Experimental Results

A 15 kW prototype was built to verify the proposed active ripple energy storage
method. The hardware design structure is shown in Figure 2-31 (a). A 5th generation
CSTBT (carrier-stored trench gate bipolar transistor) IGBT three-phase intelligent
power module (IPM) PM150CLA120 from Powerex is used as the active components
in our system. The power rating of the IPM is 1200 V, 150 A. Two phases are used as
the H-bridge rectifier, and the third is used as the auxiliary circuit. A pin-type heatsink
and required fans from Cool Innovations were selected as the cooling system. The
heatsink design is based on the IGBT loss calculation [119]. Because of the high
saturation flux offered by amorphous materials, an amorphous core 2605SA2 from
Metglas was selected to build a 45 pH auxiliary inductor. Since the inductor current is
not purely sinusoidal, an improved Steinmetz equation is used to calculate the core

loss [120]. Two 100 pF film capacitors UL31N107K from Electronics Concepts were
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selected for the auxiliary capacitor C,, and another two 100 pF film capacitors

UL31IN107K were used to filter the high-frequency ripple current as the dc bus

capacitorC,. The total current rating of two 100 pF film capacitors is 92 A at 85° C,

which is higher than the required 60 A. A four-layer bus board was used to provide a
connection for the components to the dc bus, and a protection and sensor board was
used to provide auxiliary power, voltage and current sensing, and over-current and

over-voltage protections. Figure 2-31 (b) is a picture of the 15 kW prototype.
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(a). System hardware design structure
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Figure 2-31 Experiment setup built.
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Figure 2-32 Experiment waveforms without active ripple energy storage method.
Figure 2-32 shows the test results of a 15 kW single-phase PWM rectifier without
the active ripple energy storage method. The dc bus voltage is controlled as 540 V by

an H-bridge rectifier. Because only a small dc bus capacitor of 200 pF is put in the dc
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bus, the majority of the ripple energy goes to the dc bus capacitor, which leads to 148
V peak-to-peak voltage ripple. This huge voltage ripple will push the peak voltage of
the dc bus goes to almost 630 V, which will also increase the components’ voltage
stress.

If the active ripple energy storage method is implemented, as shown in Figure 2-33,
the auxiliary capacitor voltage fluctuates within a huge range to store most of the
ripple energy, and the dc bus peak to peak voltage ripple decreases from 148 V to 28 V.
The mean value of the auxiliary capacitor voltage is controlled by another voltage
control loop, which is 350 V in Figure 2-33 (a) and 300 V in Figure 2-33 (b). We can
also observe that the auxiliary capacitor voltage ripple and the auxiliary capacitor

current i., in Figure 2-33 (a) is smaller than in Figure 2-33 (b). This can be explained

by Figure 2-10. The higher coefficient k will lead to a higher average auxiliary
capacitor voltage, a smaller voltage ripple and smaller auxiliary capacitor current.
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Figure 2-33 Experiment waveforms with active ripple energy storage method.

Figure 2-34 shows the auxiliary capacitor current, and its reference is indicated by
the red dashed line. The auxiliary circuit is controlled in DCM. The peak current is
controlled to be less than 150 A, which keeps roughly the same current rating as the
H-bridge rectifier.
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Figure 2-34 Auxiliary capacitor current and reference.
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2.7 Conclusions

The barrier to high power density for a single-phase rectifier is its passive component
required to filter the second-order ripple energy. This chapter analytically determines
the minimum ripple energy storage requirement for single-phase PWM rectifiers is a
function of different factors. Based on the ripple energy requirement, we have verified
the feasibility of decreasing the dc bus capacitor volume using an active method,
rather than the conventional method, that stores the ripple energy in the dc bus
capacitor. Then, an active ripple energy storage method using an auxiliary
bidirectional buck-boost circuit was proposed to illustrate the dc bus reduction
concept. This active method can help to increase the single-phase PWM rectifier
power density by 100 %. Meanwhile, the active method is easy to implement, and
there is no high voltage in the system. Simulation and 15 kW experimental tests were

conducted for verification purposes.
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Chapter 3. High Temperature SiC Three-Phase
PWM Rectifier Design for >150°C Ambient

Temperature

This chapter describes a detailed design process for a high-temperature SiC three-
phase PWM rectifier that can operate at ambient temperatures above 150°C. SiC high-
temperature hybrid structure packaging is designed for the main semiconductor
devices and an edge-triggered high-temperature gate drive is also proposed to drive
the designed power module. The system is designed to make use of available high-
temperature components, including the passive components, silicon-on-insulator chips
and auxiliary components. Finally, a 1.4 kW lab prototype is tested in a harsh

environment for verification.

3.1 Introduction

High-temperature (HT) converters have become more and more important in
industrial applications where the converter operates in a harsh environment, such as
hybrid electrical vehicles, aviation, and deep earth petroleum exploration [16-18].
Compared to traditional silicon (Si) devices, new wideband gap devices, made of
materials such as silicon carbide (SiC) or gallium nitride (GaN) , provide a much
higher bandgap, thermal conductivity and breakdown fields, which offers them the
potential capability to overcome the temperature, frequency and power management
limitations of Si devices. Several publications have shown that SiC devices have the
capability to decrease loss and increase the device junction temperature, which will

result in higher efficiency, a lighter cooling system and higher power density [38, 55,
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119]. To fully utilize the SiC device's high-temperature tolerance and fast-switching
capability, a reliable high-temperature packaging method is desired that will also
allow the SiC based module to achieve smaller parasitic.

Meanwhile, the harsh environment of some applications require not only a high-
temperature semiconductor power module, but also high-temperature gate drive
circuits, high-temperature control electronics, high-temperature passive components
and the like that are able to operate in these environments. These sub-functions of the
converter need to be reliably designed with the limited selection of high-temperature
components that are available.

This chapter presents the design process of a high-temperature SiC three-phase
AC/DC PWAM rectifier that can operate in ambient temperatures above 150 °C and an
SiC power module that can work with a 250 °C junction temperature. With
consideration of material availability, SiC diodes and JFETs are used as the main
circuit devices and are packaged in a novel high-temperature hybrid structure. Besides
the high-temperature SiC power module, a high-temperature transformer-isolated gate
drive circuit is also proposed. Other functions such as the harmonic filter and the
control system—including protection and sensor functions are designed according to
the available high-temperature silicon-on—insulator (SOI) ICs and high-temperature
passive components.

Because of both the simple topology and the simple control, a typical single-switch
three-phase boost PFC circuit [120] is used to demonstrate the concept of high-
temperature converter design. The structure and topology for the three-phase AC/DC
rectifier is shown in Figure 3-1. The power module is composed of seven SiC diodes
and one normally-on SiC JFET. The first six diodes are utilized as a diode rectifier

stage, and another diode and JFET make up the second boost stage. The input voltage
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is lower than 100V (rms/phase), and the output voltage is regulated to 270V. The

system’s power rating is 1.4kW for CCM mode and 500W for DCM mode.

High Temperature >150°C Ambient

!

| - I
Power module | L TOROCHON fa oo !

| H
Voltage Pulse |+ PWM | Voltage
24V - Regulator Generation [«---- Controller | ¥ | Sensor

Figure 3-1 System Topology and Configuration

This chapter is organized as follows: Section 3.1 has provided the general topology
of the proposed system and an introduction to the motivation behind this work;
Section 3.2 describes the high-temperature hybrid structure packaging for the
multiple-chips power module; Section 3.3 presents the surveyed high-temperature
components besides the power module; Section 3.4 proposes the high-temperature
gate drive design for both single switch and phase leg; Section 3.5 gives the detailed
high-temperature system design process; Section 3.6 provides the high-temperature
converter experimental results and discussion; and finally, Section 3.7 shows the

conclusions drawn from this work.

3.2 A Novel Hybrid Packaging Structure for High-

Temperature SiC Power Modules
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Higher switching frequency and higher junction temperature capability help to
reduce the sizes of the passive components and the cooling system, and to increase the
power density [60]. In recent years, SiC devices have become more and more
attractive and are offering the potential to overcome temperature, frequency and
power management limitations of Si devices [121, 122]. However, a reliable high-
temperature packaging method that entails smaller parasitic is desired to fully utilize
the SiC devices high temperature and high frequency capability. Wirebond packaging
structure [17, 44, 63-65] is widely utilized in industrial applications with the
advantages of easy fabrication, high maturity and reliable connection. However, the
traditional wirebond packaging structure also suffer from the disadvantages of large
footprint and parasitic, which will constrain the SiC device high switching speed
capability. Compared with wirebond packaging structure, the planar packaging
structure has several advantages such as smaller footprint, smaller parasitic
parameters, more flexible routing, and also double-side cooling capability [69-71].
However, this structure is also faced with challenges, like the connections of small top
pads, the alignment of interconnections, limited choices for die attachment materials,
and a complicated and time-consuming manufacturing process [69, 70]. In addition,
since double-side solderable devices are generally not available, one of the way to use
regular devices in the planar structure is to plate the top pads with solderable metals.
Figure 3-2 shows the top pads of a SiC JFET and a SiC diode with electroplated
silver. Because the top aluminum layer is very thin, the plating reliability is poor,
which easily leads to the silver layer peeled off or loosely plated. This is the biggest
challenge in the planar structure packaging. To resolve this, this section presents a
novel hybrid packaging structure for high-temperature SiC power modules that

combines the benefits of both the wirebond and planar packaging structure. With this
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new structure, the power module can achieve the same footprint and similar parasitic
as the planar structure without topside metallization. In addition, a more flexible die-
attach material selection is possible and the processing complexity and time are

reduced.

Silver peeled off  Silver loosely plated

Figure 3-2 Plated SiC JFET and SiC Diode

3.2.1 Hybrid Structure and Fabrication Process

The cross-sectional and the top views of the hybrid structure for a single JFET and
diode are shown in Figure 3-3 to demonstrate the basic idea. The bottom drain pad
and cathode pad of the JFET and the diode are sintered on the DBC with die
attachment material. Separated by the spacer and the insulation layer, the source and
anode lead-frames are attached above the substrate with windows in the middle for
the die wirebonding. The gate lead-frame of the JFET is attached above the source
frame, separated by another insulation layer. Interconnections between the top pads
and the source, gate and anode lead-frames are provided by wirebonding. An
encapsulant layer covers the top of the module. This hybrid structure keeps the basic
planar structure but with the top-side interconnection replaced with wirebonding,

which doesn’t require double-side solderable devices.
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(b) Top view

Figure 3-3 Hybrid structure packaging

In order to utilize this hybrid structure packaging in the high temperature
application, proper high temperature devices or materials selection becomes critical.
As shown above, the SiC devices have a theoretical junction temperature limit much
higher than typical silicon devices. Since the SiC JFETSs are the first available SiC
devices on the market, most of the surveyed works demonstrate the SiC JFETS
devices high temperature capability. Besides the SiC JFETs based papers, there are
also papers that demonstrate the SiC MOSFET, SiC BJT and SiC IGBT. With
consideration of reliability and availability when this research was conducted, SiC
JFETSs from SiCed is selected as the active devices.

Besides the high temperature power semiconductor devices, other high temperature
packaging materials are selected and shown below.

Direct Bond Copper (DBC) substrates usually provide support for mechanical,
electrical and thermal. The candidate material for DBC substrates is listed in Table

3-1. Compared with alumina (Al,O3), aluminum nitride (AIN) and silicon
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nitride(SisN4) have smaller coefficient of thermal expansion (CTE) that can match
better with SiC devices (CTE=3). Considering the highest thermal conductivity, ease
of processing and lower cost, the AIN is selected. However, for high current
applications that need to employ more copper thickness, SisNs will be a good
candidate because of the high flexural strength, which will increase the DBC thermal

reliability.

Table 3-1 Candidate materials for DBC substrate

Substrate | CTE Thermal Tensile | Flexural
(ppm/K) | Conductivity | Strength | Strength

(W/m/K) (MPa) | (MPa)

AlO; 6.0 24 127.4 317
AIN 4.6 150-180 310 360
SizN, 3.0 70 96 932

Besides the DBC material, solder for both lead based and gold based, silver glass
and nano silver paste are summarized in  Other materials selected for the prototype
module are summarized in Table 3-3. All the materials are suitable for 250°C

operation.

Table 3-2 as candidates for high temperature die-attachment material. Ag glass may
crack during the processing [123] that will reduce the reliability. Compared with high-
temperature solder, the nano-silver paste [124] is selected for the die-attachment
material for three reasons. First, the fixed processing temperature of nano-silver paste
(275 °C) is much lower than the high-temperature solder. Second, because the device
top pads are much smaller, the nano-silver paste will keep its shape during the
sintering process, which makes it easier to form the connection on the top of the

device and provides more accurate alignment, which is very important in the hybrid
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structure power module. Third, the nano-silver paste shows the highest thermal
conductivity among all these candidates.
Other materials selected for the prototype module are summarized in Table 3-3. All

the materials are suitable for 250°C operation.

Table 3-2 Candidate materials for die-attachment

Different Materials | Processing | Working Thermal CTE
Temp (°C) temp Conductivity | (ppm/K)
(°C) (W/m/K)
95%Pb 5%Sn 350 310 32 28
80%Au 20%Sn 320 280 57 16
80%AuU 20%Ge 390 360 88 13
Hysol Ag glass 400 900 40 16
Sintered NanoAg 275 900 240 19

Table 3-3 Materials selection for the hybrid structure power module

SIiC JFET 1200V,3mmx3mm from SiCed
SiC Diode 1200V,2.7mmx2.7mm from SiCed
Substrate AIN DBC (25 mils AIN, 8mils Cu)
Encapsulant Nusil R-2188
Die-attachment Nano-silver paste
Spacer Kapton tape (2 mil)
Insulation layer Epo-tek 600 or Duralco 128
Bond wires Al (5mil, 10mil)

For simplicity, the fabrication process with a single SiC JFET is shown in Figure
3-4. The patterned Kapton tape is attached to the DBC as both insulation and spacer
layer. Then, the device is well positioned with the assistance of the spacers, and later

attached to the DBC by sintering with nano-silver paste. In order to prevent the
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electrical break down around the edges of the device, high temperature polyimide
insulation material, Epo-tek 600 or Duralco 128 can be utilized to cover the device’s
guard rings and to fill the gaps between the spacer and the device. Then the source
lead-frame is bonded to the spacer by curing polyimide in-between these two layers.
In the next step, the second insulation layer is also formed by Epo-tek 600 or Duralco
128 on top of the source lead-frame, and the gate lead-frame layer is bonded by curing
the polyimide again. Afterwards, the wirebonding process connects the top pads to the
lead-frames. Finally, silicon gel Nusil R-2188 is selected as the encapsulant to cover
the top of the module to protect the die and the bonding wires. In total, the hybrid

packaging has one sintering step, two curing steps and one encapsulating step.

Die attaching

SRacer (Sintering)

attaching

\ "~ |Polyimide

Polyimide Lead frgme covering
covering attaching
(Curing)

o -—

Lead framel
Encapsulating

attaching Wire
bonding
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4

Figure 3-4 Hybrid structure packaging fabrication process

Figure 3-5 shows the prototype JFET module in hybrid structure. With the hybrid

structure packaging, the lead frames are in three dimensions and the device top side is

78



connected to the lead frames with very short bonding wires. The static

characterizations of the device show no visible change before and after the packaging.

Gate lead frame Encapsulant Gate lead frame Gate bond wires

N A A Emi e

< N Source bond
Source lead frame DBC Source lead frame wijres (10mil)

Figure 3-5 Hybrid structure SiC JFET module prototype
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Figure 3-6 Processing time comparison results

As shown in Figure 3-6, the processing time takes two hours less when compared
with the planar structure [69, 70]. Besides, the planar packaging structure emploies
the sintering process three times, and each process temperature must be at least 40°C
lower than previous one to keep it from melting. This makes it difficult to select the
die-attachment materials. However, since there is only one sintering process in the

hybrid packaging structure, a more flexible die-attach material selection is possible.

3.2.2 Analysis and Comparisons of Parasitic Based on Multi-chip
Power Module
With the proposed hybrid structure packaging methodology, advantages of the
smaller footprint and parasitic can be shown in the multiple chips power module. The

three-phase single-switch rectifier [120] is used as an example to analyze the parasitic

in multi-chip power module with different packaging structures. Figure 3-7 (a) shows
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the system schematic. This circuit is composed of seven SiC diodes and one normally-
on SiC JFET. The first six diodes are utilized as a diode rectifier stage, and another
diode and JFET make up the second boost stage.

Figure 3-7 (b) to Figure 3-7 (d) show three different packaging structures. The
traditional wirebond structure has the largest footprint. Because of the three
dimentional layout for the lead frames, the hybrid structure has the same footprint as

the planar structure and