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Abstract

With the fast development of information technology (IT) industry, the demand and market
volume for off-line power supplies keep increasing, especially those for telecommunication,
computer servers and data centers. As the capital expenditure was measured by the square
footage occupied rather than power consumption, the development of high power density
converter system is of greater interesting. The rising energy prices have resulted in the cost of
power and cooling exceeding the purchase cost in less than two years. Therefore, highly efficient
power conversion is required for the power converter system. Generally, the power supply unit
(PSU) for power distribution system (PDS) in data center and telecom are the standard two-stage
approach which normally consists of power factor correction (PFC) circuit and isolated DC-DC
converter. The two-stage power conversion has demonstrated excellent performance and high
reliability, since the design can be optimized for each stage. However, limitations to prevent the
existing two-stage PSU to fulfill future requirements for the PDS in data center and telecom
applications are revealed, and a very promising and fundamentally different approach with the
single-stage isolated converter is proposed in this dissertation.

The development of single-stage converters with the option of placing the energy storage
outside of the PSU creates new degrees of freedom regarding e.g. simplified rectifier racks in
telecom and data center. This provides tangible benefits in the form of space saving, better



airflow for power unit in rectifier racks and improved lifespan. The three-phase isolated buck
matrix-type rectifier, capable of achieving high power density and high efficiency, is identified
as an excellent candidate for the medium power level (5 kW~10 kW) single-stage power supply
design. Nevertheless, the matrix-type rectifiers are known for their relatively complex
modulation and commutation techniques, and lack of ride-through capability such as the

stringent case of one phase loss operation.

This dissertation work provides comprehensive study on the commutation method and
modulation scheme design for the isolated buck matrix-type rectifier. It aims to analyze the
operation principle of the rectifier and propose viable modulation and commutation schemes for
this rectifier under both three-phase and single-phase operation. The method is verified by the
hardware experiments of the PSUs with high efficiency (> 98%) and high power density (> 70
W/in®) for 54 V and 380 VDC applications. The prototypes demonstrated in the experiments

show the effectiveness of the proposed modulation and commutation schemes for industry.
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Chapter 1

Introduction

With the explosive development of information technology, the communication and
computing systems, such as data centers, telecoms, and servers have become a large market for
the power supply industry. In a typical data center, less than half of the energy consumed is
delivered to the compute load, which includes microprocessors, memory and disk drives. The
rest of the power is lost in power conversion, distribution, and cooling, resulting in high utility
bills, a large environmental footprint and the inability to fill equipment racks [1]. Power savings
in the power distribution system (PDS) result in further savings in the facility cooling system,
because less heat is generated in the distribution and therefore less heat has to be cooled [1, 2].
Cooling is often the limiting factor in data center capacity (heat removal can be a bigger problem
than getting power to the equipment) [3, 4]. Over the past decade energy efficiency and power
density have become the top concerns for power conversions in data center and telecom. Rising
energy intensity leads to a higher cost for delivering power. Meanwhile, the demand for compact
power supply unit (PSU) grows significantly. It requires PSU with high efficiency, low profile
and high power density. Generally, the power supplies for power distribution system in data
center and telecom are the standard two-stage approach [5, 6, 7, 8]. It consists of a front-end
power-factor-correction (PFC) rectifier with bulky dc-link capacitor followed by an isolated DC-
DC converter as shown in Fig. 1-1. In general, the two-stage power conversion has demonstrated
excellent performance and high reliability, since the design can be optimized for each stage.
However, the cost for this type of approach is high due to relatively large number of components

to accomplish the required functions of the front-end converters.
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Fig. 1-1 Block diagram of the two-stage power supply (PSU).

Before studying deeper into details of this growing application, the configuration and
technical requirement of rectifier in DC PDS must be considered to fully understand the context

of the dissertation and rationalize for using single-stage approach.

1.1 DC Power Distribution Systems (PDS)

The basic structures of a conventional AC power distribution system (PDS) and a facility-
level DC PDS are shown in Fig. 1-2. As can be noticed, the conventional AC PDS in Fig. 1-2 (a)
includes multiple conversion stages, which lead to a strongly reduced overall efficiency. In the ac
delivery system, the power immediately undergoes a double conversion in a centralized
uninterruptable power supplies (UPS) which supplies power to many racks. Power is rectified to
DC to feed an intermediate backup storage system, and then it is inverted back to AC and sent to
the power distribution unit (PDU). At the PDU, voltage is stepped down to 208/120 V to feed
each PSU in the server rack. The PSU in each server rectifies the 220 V AC to a DC voltage
typically 380Vdc. The 380 V is then converted with an isolated DC-DC converter to 12 V. Some
loads, such as hard drives, can take 12 V directly. Other loads, such as processors, need voltage
regulators (VR) to step down the voltage. Depending on the efficiency of the different
components, the overall efficiency of such an AC PDS is between 50% and 70% [1]. In a
facility-level DC PDS, however, several conversion steps can be avoided to improve the
efficiency. As shown in Fig. 1-2 (b) and (c), the DC-AC conversion in the UPS, the transformer
in the PDU and the AC-DC conversion in the PSU are eliminated, resulting in a higher efficiency

of the power distribution system [1].
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The 48 V and 380 V solutions architecture help reducing power loss from the data center
facility, to the rack, and the server board level [9, 10, 11]. For example, compared with the
current mainstream approach (12 V power distribution), 48 V architecture provides better power
conversion efficiency at rack level, and works at lower current levels to deliver a sixteen times

reduction in power distribution. Intel concluded that DC power distribution system (both 400 V

(c) 380V HVDC facility-level PDS.

Fig. 1-2 Block diagrams of power distribution systems for data center and telecom [1].

and 48 V) was consistently more efficient than AC at all voltages.



1.2 Configuration PSU/Battery in Rack Level

Given the trend towards high-density rack in the infrastructure, it is likely that the future may
bring racks at a higher density than the existing equipment in the data center [3]. Data centers
today use more kilowatts (kW) per rack or per square foot than ever before. As the rack power
climbs, conversion efficiency becomes more important. A 1% efficiency improvement can result
in saving hundreds of watts at rack level, and kilowatts in the data center [9]. The power is
processed by redundant two-stage front-end converters represented by the power supplies (PUSS)
#1 through #N+1 in Fig. 1-3. Each PSU consists of a PFC stage and a DC-DC converter used to
regulate the DC bus. Conversion efficiency and total volume of the power distribution system
(PDS) depend largely on PSU performance [13]. It is important to mention the main focus of the
work in this dissertation is conducted on development of high efficiency and high power density

PSU for this application.

There are various configurations of PSU connected to a backup battery as shown in Fig. 1-3.
In common power architecture of a UPS system shown n Fig. 1-3 (a), a load is connected
through a DC bus to both a main PSU and a backup battery [1]. The load is typically powered
from the main PSU, for example through mains power. If the AC power supply is disrupted, for
example, because of a power outage, the load is switched to the backup battery, which ensures
continuous power supply. One drawback is that after a battery discharge, the DC bus voltage
determined by the battery voltage is much lower than the battery floating voltage which results in
a higher current at constant power ICT load. This higher current flowing through PDUs and
power distribution lines impacts the design by increasing the cross-sectional area of distribution
power lines and rated current of protection devices. In addition, the main PSU may require a
wide operational range of DC bus voltage, e.g, in the order of tens of Volts. Such a wide
operational voltage range may lower the power efficiency and increase cost and complexity of
the supply and conversion operations in the system [14].

For the implementation of battery backup system architecture in Fig. 1-3 (b) [14], different
charging and discharging paths may be used between the battery module and the DC bus such

that the battery voltage is controlled to be higher than the DC bus voltage.
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(c) Separated battery charger with boost option in 380 V DC NTT system.
Fig. 1-3 Various configuration of battery backup system in 48 V and 380 V power distribution system (note: PDU is
not drawn and VR (Buck DC-DC converter) is redrawn as part of PSU for simplicity).
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As a result, the DC bus voltage may operate at a narrower range than the battery voltage.
This may improve overall efficiency and reduce cost of operation of the UPS system. The
separation of charging and discharging path can also increase protection against system faults
such as thermal runaways, short-circuits, and battery over and under voltage.

Fig. 1-3 (c) shows other configurations of the rectifier with a separate charger. Diode and
battery rapidly provides the system with a nominal output voltage after the supplies are down. In
addition to this, the PSUs separated by a diode from the battery do not need to have a battery
charger function. Only the PSU directly connected to the battery needs to have a battery charger
function. Redundancy of the charger is better for high reliability. If the range of the operation
voltage defined by each PSU in ICT Equipment is narrow, the voltage DC bus must be
compensated without interruption in the load. In this case, a system configuration with a boost is
recommended [12].

1.3 Technical Requirements for PSU

The purpose of the front-end converter is to regulate the DC output voltage tightly, supply all
the load connected to the distributed bus, guarantee current sharing, provide isolation and charge
a bank of batteries to provide backup energy when the grid breaks down. The rectifier achieves
N+1 parallel redundancy and increases reliability. In case of a failure in a rectifier unit in the
cabinet, each PSU unit must be able to operate and maintain safe operation. These units are

commonly modular and hot plug capable for simplifying maintenance and reducing repair time.

In addition to those basic PSU requirements, the front-end PSUs are required to operate with
a wide input-voltage and/or output-voltage range. The front-end PSUs must meet the input
stringent international requirements, such as the IEC 61000-3-2, to limit the harmonic currents
drawn by the off-line equipment and provide unity power factor. As other requirements, PSU has
to meet some abnormal input operation as shown in Fig. 1-4: voltage sag, surge, unbalanced

input three-phase, and the most stringent one is one phase loss operation.
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The new international standardization, ITU-T L.1200 specifies the direct current (DC)
interface between the power feeding system and ICT equipment connected to it. It describes
normal and abnormal voltage ranges, and immunity test levels for ICT equipment to maintain the
stability of telecommunication and data communication services. The output voltage range of

rectifiers should be adapted to interface based on ITU-T L.1200 as shown in Fig. 1-5.

Another obstacle for front-end PSU design is the hold-up time requirement. It requires the
front-end system to provide full power output and regulate output voltage for a few mili-second,
after the AC line is lost as shown in Fig. 1-6 (circuit block shown in Fig. 1-1). This hold-up time

will ensure the digital system to have enough time to respond to power failure.

1.4 The Existing Commercialize Isolated Three-phase PSU and
Proposed PSU

In following section, a review on the existing power supply technologies is provided,
including the pros and cons of each technology. The existing three-phase isolated AC-DC
converters for PDSs can be implemented either with three single-phase isolated AC-DC
converters, or with a direct three-phase PFC rectifier front-end such as the Vienna rectifier or the
six-switch PFC boost rectifier followed by an isolated DC-DC converter [15]. To be able to
employ single-phase modules designed for 220/277 Vms phase-to-neutral voltage in three-phase
power systems with nominal phase-to-phase voltage of 380/480 Vs, the three single-phase
modules must be connected in star (Y) configuration. The delta (A) configuration cannot be used
since it would require that single-phase modules be connected across two phases, i.e., to a

voltage exceeding their rating.
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Fig. 1-7 Various configuration of PSUs with estimated power density in cubic block for data center and telecom
applications: (a) single-phase module (bridgeless PFC + LLC) (b) direct three-phase (Vienna rectifier + LLC) (c)
proposed single-stage PSU (isolated buck matrix-type rectifier).



1.4.1 Single-Phase Modules

Fig. 1-7 (a) shows three single-phase isolated AC-DC converters modules employed to
implement an isolated three-phase, three-wire AC-DC converter. The single-phase isolated AC-
DC module is a two-stage converter that consists of a PFC rectifier followed by an isolated DC-
DC converter. The PFC rectifier can be a high frequency PWM rectifier of boost type to perform
the PFC function to meet harmonic current standards [6]. The intermediate dc-link capacitor at
the output of the PFC rectifier is to limit the bus voltage ripple due to the double grid frequency
pulsating power and provide hold-up time. The DC-DC converter provides high frequency
isolation, voltage scaling, and further output regulation [16]. LLC resonant topology [17] is
commonly used for the second-stage isolated DC-DC converter. With advent of gallium-nitride
(GaN) power semiconductor devices and SiC MOSFET, the efficiency and the power density of
the two-stage converter can be significantly improved since the converter can operate at much
higher switching frequency with minimum switching losses. Recently, the totem-pole bridge-less
PFC rectifier with GaN implementation [18-19], has become a popular solution for application
like front-end converter. The efficiency higher than 99% can be achieved with the CRM Totem-
pole bridge-less PFC using GaN devices while the converter is switched at megahertz. A two-
stage single-phase 3 kW module with 54 V output is demonstrated with 98% peak efficiency and
close to 60 W/in® power density in today's power supply market [20].

However, the two-stage single-phase module exhibits some drawbacks as highlighted in
below. One of the drawbacks is that, regardless of hold-up time requirement, the two-stage
power converters are enforced large intermediate dc-link capacitors to limit the bus voltage
ripple and handle the pulsating power in single phase module. As shown in Fig. 1-7 (a) the
intermediate dc-link capacitors usually occupy more than 20% of the volume of the PSU with
today's power density of 60 W/in®. With increasing switching frequency in the range of MHz,
the magnetics components get smaller in size and it is expected the power density of single-
phase module PSU exceeds three times of today's market in the future. This indicates that the
space inside the PSU will be dominated by the bulky dc-link capacitors which cannot be avoided
due to pulsating power operation. In addition, the pulsating capacitors make the PCB layout and

packaging to be more difficult for high-power-density PSU since these capacitors must be placed
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on the main PCB of PSU. Therefore, the thermal cooling is more challenge for major power
components in the PSU such as switching power devices, heatsink and magnetic components as

a result of the fan airflow blocked by these bulky capacitors.

In standard telecom power supplies, where the source neutral point is not provided, any
unbalance in the three-phase source phase voltages and/or in the three single-phase modules
shown in Fig. 1-7 (a) will create a potential difference between the Y point of the single-phase
modules and the source neutral point, resulting in oscillations and significant variations of the
input voltages of the single phase converters [15]. Therefore, a balancing control of the three
single-phase modules is necessary for a stable and reliable steady-state operation, where the
input voltage always stays within a specified range. The balancing control between the three
single-phase modules can be achieved with additional passive components used to create a
virtual (artificial) neutral point and by using balancing control methods [21-25], or without

additional passive components by using only balancing control methods [26].

1.4.2 Direct Three-Phase

A significant breakthrough in simplifying the single-phase modules was achieved by three-
phase PFC rectifiers as shown in Fig. 1-7 (b). Three-phase isolated AC-DC converters can be
implemented with a direct three-phase PFC rectifier front end such as Vienna [27] or six-switch
boost PFC rectifier [28] followed by an isolated DC-DC converter. With direct three-phase
rectifier, the three-phase load balancing can be achieved automatically. The Vienna rectifier does
not require a large bus capacitance because the three-phase input voltages eliminate the pulsating
power in the dc-link. As a result, the amount of bus capacitance in the Vienna rectifier is reduced
with respect to the single-phase PFC approach. Another advantage of this rectifier is that the
voltage stress across the switches are subject to only half of the total bus voltage, thus allowing
500 V MOSFETSs to be used in the VIENNA rectifier. Despite the power stage simplification
achieved by the Vienna rectifier, the power density of direct three-phase rectifier is normally
lower than the single-phase modules. Because the three-phase PFC converter in the first stage is

usually hard switched and the converter cannot operate at very high switching frequency which

11



results in large size of input chokes. It is also noteworthy to mention the $/kW with direct three-

phase solution is relatively higher than single-phase module PSUs.

1.4.3 lIsolated DC/DC Converter in Second-Stage

The LLC resonant converters have been widely used as the isolated DC-DC converter in the
second-stage in off-line power supplies of data centers due to its high efficiency and hold-up
capability. Using LLC converters can minimize switching losses and reduce electromagnetic
interference. Almost all the high-end offline power supplies employ LLC converters as the DC-
DC converter. But there are few major challenges and limitation in using LLC converters.
Generally, the detrimental effect of wide input and/or output voltage range on the conversion
efficiency is more severe in resonant converters than in pulse-width-modulated (PWM)
converters. LLC resonant converter regulates the output voltage by changing the switching
frequency, i.e., by moving the operating point away from the resonant frequency as the input
voltage and/or output voltage changes.

As a result, they suffer from progressively increased losses as the input- and/or output-
voltage range is widened. This is the major reason LLC resonant converter, is not able to
maintain high efficiency across the entire range when input voltage or output-voltage range is
wide [29]. This significantly limits the power handling of LLC converter for constant power and
constant current operations, since the output voltage relatively needs to be changed under these

operations.

1.4.4 Proposed Single-Stage PSU for PDS in Telecom and Data center
Applications

It is of paramount importance to minimize the cost of components, design complexity, to
eliminate the bulky dc-link capacitors and at the same time realizing high efficiency and high

power density PSU by choosing a reasonable converter topology.
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Since conversion efficiency and total volume of the PDS in telecom and data center depend
largely on the front-end PSU performance. Therefore, we are highly motived to study possibility
of different topology which can be adopted for future PSU in telecom and data center
applications. The advantage of performing PFC functionality and galvanic isolation in a single-
stage conversion make the isolated single-stage topology to be considered as an attractive
solution for the future front-end PSU in telecom and data center applications. Typically, the
single-stage power conversion directly converts the mains-frequency AC voltage into a high-
frequency AC voltage which is supplied to a high-frequency isolation transformer whose

secondary voltage is then rectified to the desired DC output voltage as shown in Fig. 1-8 [30-31].

High conversion efficiency and compact construction stemming from the non-existence of an
intermediated dc-link capacitors and the second stage DC-DC conversion can be achieved.
Improved lifespan due to elimination of the bulky and often trouble-causing dc-link component
is another benefit of using single-stage approached PSU. With single-stage approached PSU, the
rack can be greatly simplified in PDS. The storage energy capacitors at the output of PSU can be
placed outside of the PSUs as shown in the example of Fig. 1-9. This provides tangible benefits
in the form of space saving, and better airflow for front-end PSUs which result in higher power

density and smaller fans.

However, there have always been some concerns about employing single-stage PSU in
telecom and data center applications such as continuous operation of single-stage PSU during
faulty mode one phase loss and hold-up time requirement during input AC source drop out.
Regarding the first concern, the single-stage PSU is able to deliver continuous power to the ICT
load during one phase loss operation, but the DC bus (output of PSU) may contain output voltage
ripple at double of the line frequency as shown in Fig. 1-9. The configuration of battery backup
system in Fig. 1-9 is similar to the NTT solution described in Fig. 1-3 (c). In this example, the
battery voltage set point is lower than DC bus voltage such that the battery will not be engaged in
one phase loss operation. However, the downstream PSU in ICT equipment has to be able to
operate at wide input range, which is normally true in real application, in order to take into
account the DC bus voltage variation. Likewise, the hold-up time requirement can also be met

thanks to the wide input range of the PSU in ICT equipment. By selecting reasonable small size
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of storage energy at the output of PSU, the DC bus can ramp down with small slew rate and
provide a few millisecond hold-up time within the range of input voltage of the first-stage (DC-

DC converter) in ICT equipment when the power outage is occurred as shown in Fig. 1-9.

It is also important to note that, during one phase loss operation, the single-stage PSU for
battery charger will exhibit different charging behavior. Prior to time tzy: (normal operation), the
output voltage of the charger is tightly regulated and the battery is in floating state. After tray
(during one phase loss), the charger output voltage may contain ripple which results in
discontinuity of the float charging current of battery. However, this may not harm the battery

since the battery consumes very small charging current during float state.

1.5 Topology Overview of Single-Stage Isolated Three-Phase

Rectifiers

The power stage design clearly depends on the converter circuit topology. Therefore to
achieve a high-efficiency and high-density design, it is a logical and necessary step to carry out
the systematic design and evaluation for the topologies that meet the application requirements,
and select among them the most suitable candidate. Several novel single-stage isolated three-
phase rectifier topologies such as buck, boost, buck-boost, flyback/forward, and buck and boost
matrix-type have been reported in [32-34]. In [35], an isolated single-stage (boost) topology is
presented based on a two-switch three-phase rectifier. This topology is easy to control and it
operates in discontinuous conduction mode (DCM). Thus it shows higher RMS current which
can be useful for high frequency low-medium power application. An isolated single-stage Swiss-
Forward (buck) topology is proposed in [36], showing lower number of high frequency
transistors but higher voltage stress on semiconductors because of the forward structure. In
addition, a single-stage three-phase AC-DC converter with high frequency isolation-could be
also realized by the Cuk-based or SEPIC-based single-switch converters as proposed in [37-39]
or single-switch three-phase flyback converters as proposed in [33]. These converters show a
very simple structure of the power and control circuits which is paid for, however, by a high
voltage and current stress on the devices and by a relatively high filtering effort for suppressing

15



electromagnetic interferences (discontinuous input current shape). The systems are economically
applicable, therefore, only for output power levels below 3.5 kW and/or they are of minor
importance for the realization of high power, high efficiency and high power density converter
needed for PDS in telecom and data center applications.

For higher power (> 3.5 kW), the single-stage isolated matrix-type rectifiers are the most
favorable in terms of high power density and high efficiency [30, 32, 34] and [40-42]. These
single-stage isolated matrix-type rectifiers can be classified into four major categories as shown
in Fig. 1-10 (a) buck derived indirect matrix-type rectifier; (b) buck derived matrix-type (direct
matrix) rectifier; (c) boost derived indirect matrix-type rectifier; (d) boost derived matrix-type

(direct matrix) rectifier.
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(b) Buck derived matrix-type (direct matrix) rectifier.
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Fig. 1-10 Basic structures of isolated matrix-type three-phase rectifiers.

1.5.1 Boost Derived Indirect and Direct Matrix-Type Rectifiers

The structures in Fig. 1-10 (c) and (d) are of boost derived indirect and direct matrix-type

rectifiers. As shown in Fig. 1-10 (c), the boost derived indirect matrix-type rectifier is quite

similar to the two stage PWM rectifier with a three-phase boost rectifier as an AC-DC stage and

a full-bridge converter as a DC-DC stage. Due to the still missing intermediate energy storage, it

is called indirect matrix-type PWM rectifier. The front end of boost derived matrix-type (direct

matrix) rectifier in Fig. 1-10 (d) has a similar structure of a three-phase boost rectifier. However,

all the six active switches are bidirectional for matrix-type and operating in DCM.
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It is also observed that the boost derived indirect and direct matrix-type rectifiers are not

strong candidate for PDS in telecom and data center applications, since the facility-level PDS is
powered from the three-phase (400V/480V) +10% with the mentioned output voltage of 380 V
or 54 V the boost-type PFC rectifiers may not be suitable. The main reasons can be highlighted

as follows:

High Voltage stress may require clamping: the DC output voltage of boost-type PFC
rectifiers has to be at least 15% above the peak value of the mains line-to-line voltage;
thus, with a wide input voltage range up to (480 Vms) £10%, the output voltage is
typically selected to be 850 V DC in ideal case. If the effect of the leakage inductance of
the transformer is considered, the device voltage will be well above 1.2 kV. Therefore,
the voltage clamping is required, which will increase the losses and complexity of the
converter.

Low Power Density: ZCS operation can be achieved with boost matrix-type rectifiers.
ZCS is usually employed to alleviate the turn-OFF losses of devices that possess slow
turn-OFF such as IGBT. However, Si IGBT devices cannot operate at high switching
frequency due to the large turn-ON losses. As a result, the input boost inductors need to
be to design with larger size.

High RMS current: at the medium power levels considered in this study (5 kW), DCM
converters are not appropriate because they have high RMS currents in the semiconductor

devices, inductor and the transformer windings which result in high conduction losses.

Due to aforementioned drawbacks, boost derived indirect and direct matrix-type rectifiers

will not be discussed further in this dissertation.

1.5.2 Buck Derived Indirect and Direct Matrix-Type Rectifiers

In the case of buck derived indirect matrix-type rectifier in Fig. 1-10 (a), the first-stage is

buck type three-phase rectifier and the second-stage can be applied any high-frequency DC-DC

converters. As proposed in [30, 32] a conventional buck-type PFC rectifier in combination with a

phase-shift DC-DC converter or LLC resonant converter could be used. However, the
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conventional buck-type PFC rectifier suffers from high conduction losses in the high frequency
diodes which are needed in series to the switches [43, 44]. A novel three-phase isolated buck
matrix-type rectifier with the structure as shown in Fig. 1-10 (b) is proposed in [45], which is
capable of power factor correction (unity power factor), low harmonic current distortion, and at
the same time realizing ZVS for primary power semiconductor devices. It is topologically
equivalent to the converter described in [30, 31] with extra series inductor on the primary side of
transformer to achieve soft-switching. It operates in CCM and realizes ZVS turn-on for the
primary power devices in the same way as in the familiar phase-shift controlled ZVS full-bridge
DC-DC [46, 47]. Under ZVS conditions and using fast turn-off devices such as MOSFETS, the
rectifier can operate at high-switching frequency to achieve high-power density while
maintaining high-efficiency. It should be noted that switching frequency is still limited by other
factors such as secondary side ringing loss and duty cycle loss, since the operation of isolated

buck matrix-type rectifier is similar to phase-shift full-bridge DC-DC converter.

The isolated buck matrix-type rectifier in Fig. 1-10 (b) can be a choice, when the input line
voltage is high so its boost counterpart suffers from high device voltage ratings. The topology
has relatively simple power train compared with the other topologies discussed above. Compared
with the buck derived indirect matrix-type rectifier, the conduction losses can be significantly
reduced since the diode voltage drop is eliminated. Therefore, among all the isolated matrix-type
rectifiers discussed above, the isolated buck matrix-type (direct matrix) rectifier is the most
promising topology to achieve high efficiency and high power density power supply design at
the medium power level (5 kW~10 kW) for telecom and data center applications. The buck
matrix-type rectifier is also favorable when variable output dc voltage is a must as it is the case
for typical telecom and data center applications where the output is usually connected to a
battery bank with large voltage fluctuations. Besides, better dynamic response and no starting
problems are among the other advantages of the buck matrix-type rectifier. If compared with
two-stage PSUs, the buck matrix-type rectifier possesses several advantages such as reduced size
and higher power-density, improved lifespan due to elimination of the bulky and often trouble-
causing dc-link component. In addition, compared with the two-stage converter with LLC as the

second stage, the buck matrix-type rectifier provides a wide output-voltage control range (down
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to zero volt) while maintaining PFC capability at the input. This can bring significant benefits to

design the power supply with battery charging capability.

With all the advantages discussed above, together with the option of placing the energy
storage outside the PSU, using buck matrix-type rectifier provides a potential breakthrough of
the power supply design for data center and telecom applications. Nevertheless, for the same
reason of the avoided dc-link component, the matrix-type rectifiers are also known for their
relatively complex modulation and commutation techniques, and lack of ride-through capability
such as stringent case of one phase loss. Therefore, one possible reason for their limited
utilization in industries is the complex commutation and modulation schemes required
simultaneously to perform PFC and isolated DC-DC conversion over the entire load and input
voltage range. Especially under the faulty mode of one phase loss operation, PSU is required to
deliver two-third of rated power and regulate the output voltage within the specification required
for telecom and data center applications. To date, there is no comprehensive study on the
commutation method and modulation scheme design for the isolated buck matrix-type rectifier.
In addition, there is no reported study on the operation of the matrix-type rectifier under faulty
mode of one phase loss. It is therefore this work's primary aim to propose and develop
appropriate modulation and commutation schemes for this particular converter to be able to meet

the stringent input and output requirements for telecom and data center applications.

1.6 Dissertation Objectives

The motivation of this work comes from the foregoing background. To achieve high power
density, the converter must operate at a higher frequency, and to achieve high efficiency, the soft
switching must be implemented to mitigate the switching loss. All these benefits can only be
realized through the PWM modulation and commutation schemes. Therefore, the PWM
modulation and commutation schemes play very important role to facilitate ZVS operation and
reduce the switching events (turn-ON and turn-OFF actions) to further remove the associated

loss while satisfying basic requirements of PSU such as the input currents THD, PFC, and output
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voltage regulation. Aiming at developing various possible modulation schemes for the isolated

matrix-type rectifier, the main objectives of this dissertation are listed as follows:

1. PWM Modulation and Commutation Schemes for Three-Phase Isolated Buck
Matrix-Type Rectifier. Investigate several commonly practiced PWM schemes particularly for
three-phase isolated buck matrix-type rectifier. Compare the performance of rectifier with
different PMW schemes based on switching losses, duty-cycle loss, output inductor current
ripple and input grid currents THD. Propose an optimal PWM candidate for MOSFET devices
employed in the isolated buck matrix-type rectifier. The proposed PWM modulation strategy and
commutation method is derived using the analysis synthesis method based on the ZVS FB-PS
DC-DC topology. Provide simulation to verify the proposed concepts, and build prototype to

further test the modulation schemes experimentally.

2. High Power Density with High Efficiency (> 98%). To achieve high power density, a
higher switching frequency is desired, which greatly determines the size of passive components
such as transformer and output inductor. However, the high switching frequency operation of a
three-phase rectifier is thermally limited by the switching losses of the power devices. The duty-
cycle loss is another major limitation of operation at a higher switching frequency and it
generates circulating current on the primary side of transformer which results in large conduction
loss and poor input current THD. To meet the overall efficiency for proposed targets 98% is a
challenge. Minimizing switching losses by implementation of ZVS soft-switching is a major
expectation for a three-phase soft-switching converter. In addition, the switching events (turn-
ON and OFF actions) need to be reduced through proper PWM modulation schemes and
commutation schemes which can be considered as one of the most important objectives of this

dissertation.

3. PWM Modulation and Commutation Schemes for One Phase Loss Operation of
Three-Phase Isolated Buck Matrix-Type Rectifier. Propose a novel PWM scheme based on
the extension of the ZVS FB-PS DC-DC topology for one phase loss operation of three-phase
isolated buck matrix-type rectifier. With the proposed PWM scheme, the maximum available
voltage gain for one phase loss operation can be achieved, which permits the continuous
operation of the converter to deliver two-third of the rated power and regulate the output voltage
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with maximum output voltage drop less than 5% of nominal output voltage. In addition, propose
a commutation method for a safe transition from one phase loss operation to normal operation
and vice versa with minimum commutation steps (two-step) under ZVS condition. Evaluate and
verify the performance of the converter with proposed PWM and commutation schemes during

one phase loss operation through simulations and experiments.

4. Analysis of One Phase Loss Operation of Three-Phase Isolated Buck Matrix-Type
Rectifier with Integrated Boost Output Stage. Analyze the one phase loss operation of the
three-phase isolated buck matrix-type rectifier with proposed integrated boost output stage. The
analysis of one phase loss with combination of buck and boost (buck+boost) operation shows
that the converter is able to deliver two-third of rated power and regulate the output voltage with
lower output voltage drop with significantly smaller output capacitor compared with
conventional buck matrix-type rectifier. The performance of the converter in buck and

buck+boost operation is evaluated and verified by simulations and experiments results.

5. Develop High Efficiency and High Power Density Prototypes for 54 V and 380 V
Applications. Provide comprehensive loss breakdown and efficiency comparison on 5 kW
isolated buck matrix-type rectifier prototypes with 380 V and 54 V output voltages respectively
since 380 V and 54 V output voltages are the two popular solutions for PDS in data center and
telecom applications. Compare efficiency and power density of 54 V and 380 V prototypes with
the benchmark PSUs. Evaluate the semiconductor loss for Si IGBTs and SiC MOSFETS in the
context of the isolated buck matrix-type PWM rectifier.

1.7 Dissertation Outline

This thesis consists of six chapters. The background information pertinent to comprehending
the study in this dissertation is presented in this chapter, including the introduction of the PDS,
the requirement for PSU and the review on the existing power supply techniques for PDS. The
main objectives of the thesis are defined, with associated challenges and difficulties identified

and discussed. According to study in this chapter, clear choices on the isolated matrix-type
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topology, are stated. The employment of ZVS technique produces higher efficiency through the
removal of switching losses, allowing all the benefits of higher switching frequency to be

realized.

An overview of the most relevant soft switched single-stage isolated matrix-type converter
topology for PDS is presented in Chapter 2. The main focus in Chapter 2 is placed on existing
modulation and commutation schemes that have found practical presence in industry. Then,
several various soft-switched modulation schemes are compared for high frequency isolated
buck matrix-type rectifier considering the switching characteristics of different devices such as
IGBTs and SiC MOSFETSs. Finally, the most advantageous modulation scheme is identified for
SiC MOSFET devices employed in high-frequency isolated buck matrix-type rectifier. In
addition, Chapter 2 provides the principle operation and steady state analysis of isolated buck
matrix-type rectifier with the proposed six-segment PWM scheme, followed by detailed

comparison with eight-segment PWM scheme.

As discussed in Chapter 2, the proposed six-segment PWM has higher efficiency over eight-
segment PWM. However, eight-segment PWM offers the benefit of smaller transformer size due
to the doubled pulse frequency on the transformer resulting in lower core loss. Therefore, it is
commendable to improve the eight-segment PWM which can be considered as an alternate PWM
scheme for isolated buck matrix-type rectifier. Chapter 3 proposes an improved eight-segment
PWM scheme with non-equally distributed zero-vector intervals to improve the large output
inductor current fluctuation followed by detailed comparison with conventional eight-segment
PWM scheme. In addition, a commutation method is proposed to achieve ZVS for all turn-ON
actions of the bidirectional MOSFET devices in the rectifier. Duty-cycle loss, inductor current
ripple, and THD in steady-state operation are all compared and verified by the simulation and
experimental results for these two PWM schemes. Finally, the efficiency and the loss breakdown
for 380 V and 54 V PSUs are analyzed and discussed.

Chapter 4 focuses mainly on developing a viable strategy to maintain proper operation of the
converter during one phase loss condition as well as to provide smooth transitions between the
faulty and normal modes. A desired modulation scheme to maximize the available rectifier

output voltage for three phase matrix converter during one phase loss operation is proposed
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based on the extension of ZVS FB-PS dc-dc converter. With the proposed commutation method,
a safe transition from one phase loss operation to normal operation and vice versa can occur with
minimum commutation steps (two-step) under the (ZVS) condition. The performance including
output voltage regulation, input current THD and dynamic switching behavior of the proposed
PWM scheme and commutation schemes during one phase loss operation is evaluated and

verified by simulations and experiments on a 5 kW prototype.

Chapter 5 proposes three-phase isolated buck matrix-type rectifier with integrated boost
output stage. The analysis of one phase loss with combination of buck and boost (buck + boost)
operation is discussed in detail. The performance of the converter in buck and buck + boost

operation is evaluated and verified by simulations and experiments on a 5 kW prototype.

Finally, Chapter 6 summarizes the main contributions and conclusions of the presented work.
Possible future research directions are also suggested.
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Chapter 2
Comparative Evaluation PWM and

Commutation Schemes for ZVS Isolated

Buck Matrix-Type Rectifier

After topology review and comparison in Chapter 1, a zero-voltage switched (ZVS) three-
phase isolated buck PWM rectifier using MOSFET proposed in [45] as shown in Fig. 2-1 was
selected as the most favorable topology for single-stage three-phase PSU design in data center
and telecom applications. Low switching losses can be achieved due to the ZVS operation with
MOSFETs such that the converter can operate at a higher switching frequency with high-

efficiency. The operation principle of this rectifier is briefly described as below.

Within any 60° interval between two successive zero crossings of input phase voltage as
shown in Fig. 2-2, there are two line voltages that do not change sign. Since the switching
frequency of the converter is much higher than the line frequency, the two line voltages can be
treated as slowly varying dc voltages. Therefore, the three-phase converter in Fig. 2-1 can be
redrawn as two ZVS full-bridge phase-shifted (ZVS FB-PS) converter sub-topologies “bridge x”
and “bridge y” as shown in Fig. 2-3. The two bridges (“bridge X and “bridge y”) share one
common phase leg where the phase voltage has the highest or lowest voltage potential. Then the
steady state operation and ZVS analysis on the three-phase isolated buck matrix-type rectifier

can be done in the same way as FB-PS converter [46].

Same as ZVS FB-PS converter, the isolated buck matrix-type rectifier also utilizes the
transformer leakage inductance or together with an additional series inductance to achieve ZVS

but at a price of reduction of effective duty-cycle. The duty cycle loss increases the conduction
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losses and limits the switching frequency, which result in decreased conversion efficiency and

power density of the converter.

Unlike the ZVS FB-PS converter where the input DC bus is constant, the DC bus for the two
sub-topologies vary during every 60° interval since the DC bus is one of the three line-to-line
voltages. These variable operating conditions contribute to a large variation on output inductor
current ripple. Then, a large output inductor may be required to limit the ripple current, which
results in the reduction of power density of the converter. Because the switching sequence of the
proposed PWM in [45] contains eight segments in each switching cycle, it is referred as “eight-

segment PWM?” in this dissertation.
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Fig. 2-2 Input phase voltages.
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Fig. 2-3 Three-phase rectifier in Fig. 2-1 is redrawn as two ZVS FB-PS dc-dc converter within sector | operation
with “leg A” as a common leg of (a) “bridge x” and (b) “bridge y”.

Based on the same idea as [45], by rearranging the operating sequence of “bridge X and
“bridge y”, different PWM schemes can be generated. A six-segment PWM scheme that
combine operation of “bridge X” and “bridge y” to resemble the operation of one ZVS FB-PS
converter is proposed. With the proposed six-segment PWM scheme, the aforementioned
drawbacks of large duty cycle loss and large output inductor current ripple associated with eight-
segment PWM can be significantly reduced. As other benefits of the proposed six-segment, it
exhibits low turn-ON and turn-OFF switching losses compared with any other PWM schemes.

The rest of this chapter is organized as follows: the switching pattern and transition of several
commonly practiced PWM schemes known as six-segment and eight-segment are reviewed and
compared for three-phase isolated buck matrix-type rectifier, followed by the principle operation
of the proposed six-segment PWM scheme. The steady-state analysis of duty-cycle loss, output
inductor current ripple, and input current THD are described. Simulation and experimental
results are presented to evaluate the robustness of proposed six-segment PWM scheme, followed
by the conclusion.

2.1 Space Vector Modulation for Buck Matrix-Type Rectifier

In order to explain the operation of PWM schemes for three-phase isolated buck matrix-type

rectifier, the space vector modulation for this topology is described in this section first. The
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rectifier in Fig. 2-1 is equivalent to traditional current-source rectifier (CSR) [47], except that all
the switches are bidirectional. A SVM technique can be used to achieve input unity power factor
at the input and output voltage regulation simultaneously. The SVM technique applied to the
CSR is based on the representation of the required instantaneous input current vector in the

complex plane T (t)= I, (t)e!**. The input current space vector of the converter is defined as
F(t) =5 ia ()X +ip (1) 127 +ig (1)e )3 . 2-1)

As shown in Fig. 2-4, the active switching states can be represented by active vectors I;to

I and zero switching states can be represented by zero space vectors I, Ig and I For each

active vector, there are two possible switching states depending on the direction of the current on
the primary side of the transformer Ip as shown in Fig. 2-3. Based on different switching states,
the six active vectors can be obtained by

T 2 j(nz/3-x
In(t)zﬁlp(t)e’( [3-712) 2-2)

where n=1,2,...,6 for sectors L, II,...,VI, respectively. The reference I rotates in space at an
angular velocity which is the same as the grid voltage vector in order to get a sinusoidal input
current shape [48]. Unity power factor can be achieved by align I with the grid voltage vector.

The reference I can be approximated by two adjacent active vectors I, 1, and a zero vector

Io. For example, with T falling into sector | as shown in the Fig. 2-5, it can be synthesized by

I, =1, Ty I,and Iq. In this section, all the analysis is done in the sector | which comprises of

I, and I,.
Assuming that output inductor current I, is constant, the ampere-second balancing equation is
thus given by

Lot Ts = LTy + 1T, + 1Ty (2-3)

where Ty, T, and To are the dwell times for the vectors 1, T, and I, respectively.
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The dwell time for T, T,and Iycan be calculated as below:

T, =T =m,T sin(% - wtj

Ty :Tl:maTSSin(%'f‘a)t} for _ZSQSZ’

6 6
To=Ts-T,—T,

where m, is the modulation index in the range of 0 <m, <1, given by

1|ref
m, =—
n il

_Im

= -
in which I, is the peak of the fundamental-frequency component in i,.

(2-4)

(2-5)

It is interesting to note that I, is generated by “bridge x”” while Ty is generated by “bridge y”.

Therefore the transformer primary voltage v, is the bus voltage of “bridge X” (the line to line

voltage associated with “bridge x””) during the dwell time of I, and is the bus voltage of “bridge

y” (the line to line voltage associated with “bridge y’) during the dwell time of fy . During the

dwell time of zero vector TO, the transformer primary is bypassed through one of the phase leg

and vp is zero. In order to use transformer isolation, the primary voltage of the transformer vp

must be alternating positive and negative in high frequency to maintain the volt-sec balance. For
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each active vector, there are two possible switching states depending on the direction of the

current on the primary side of the transformer i, as shown in Fig. 2-4. 1 _ and I _ represent the
switching states of vector I, when i» > 0 and ip < O respectively. In addition, Ty+ and Ty_
represent switching states of vector Ty when ip > 0 and ip < O respectively. By dividing I into
I, and I,_with equal dwell time and dividing I, into I, and I,_ with equal dwell time,

alternating voltage can be generated on the transformer primary side. It should be noted that the
zero vector dwell time may also need to be divided in order to separate these active vectors.
Depending on the arrangement of these active vectors and zero vectors, different switching

pattern can be generated and can be identified by the transformer primary voltage waveform.

2.2 Several Practical PWM Schemes for Three-Phase Isolated Buck
Matrix-Type Rectifier

For the analysis in this section, it is assumed the current reference vector I, in Fig. 2-5 is

located in0” < & <30°. During this interval the line-line voltage vag is lower than vac as shown in
Fig. 2-2. The transformer primary voltage waveforms within a switching cycle with six-segment
PWM schemes [30, 31, 49, 50] and eight-segment PWM scheme [32, 45], [51-53] are shown in

Fig. 2-6. For the six-segment PWM scheme, the dwell time of each vector is divided by two

(Te/2,T,/2,Ty/2) and the active vector I, joints with active vector T, (I, joints T, in
positive half cycle and T, joints Ty_ in negative half cycle). The switching patterns of the six-

segment PWM are identified by the transition between the two attached active vectors. If the
vector transition causes a step change in the transformer primary voltage from higher voltage
magnitude to lower voltage magnitude the corresponding step change is defined as a high to low
(HTL). Fig. 2-6 (a) shows the transformer primary voltage with HTL switching pattern within a
switching cycle. It can be observed that there are two HTL step changes (regions in circle) in the

positive half cycle and in the negative half cycle of the transformer primary voltage respectively.
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On the other hand, if the vector transition occurs from lower voltage magnitude to higher voltage
magnitude, the corresponding step change is defined as a low to high (LTH). Fig. 2-6 (b) shows
the transformer primary voltage with LTH pattern within a switching cycle. In addition, there is
another type of six-segment switching pattern arrangement, which has different step change in

each half-cycle, and it is defined as a hybrid pattern [31, 50, 51].

VA T T T T T T
Iy, Iy Iy I I Iy
v T T, /2 T./2 _ T/2
|
‘ 1 Vag t
T, /2 /2 "', /2 Vac Y
(a) Six-segment PWM with HTL pattern
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(b) Six-segment PWM with LTH pattern
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Fig. 2-6 The transformer primary voltage within a switching cycle with different switching patterns when rref is

(d) Eight-segment PWM pattern

located in0° <@ < 30°.
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Fig. 2-6 (c) shows Hybrid PWM pattern, with LTH step change in the positive half-cycle and
HTL in the negative half-cycle. For the eight-segment PWM pattern, the dwell time of I;is
equally divided by four and inserted between active vectors as shown in Fig. 2-6 (d).

It is important to note that the turn-ON and turn-OFF switching losses corresponding to the
transitions from zero vector to active vector and vice versa should not exhibit significant
differences among different switching patterns in Fig. 2-6. However, the switching losses for two
transitions HTL and LTH are different as discussed in detail in [54, 55]. The HTL transition
exhibits low turn-on loss since the loss associated with this transition contains only energy of
device capacitance Eqss(Vgs) Which is fairly small due to low voltage transition. On the other hand,
LTH has no turn-OFF switching loss but it suffers from large turn-ON switching losses. The
turn-ON loss associated with the LTH includes E,g, reverse recovery and triangular area due to

overlapping voltage and current.

2.3 An Optimal PWM Scheme Candidate for MOSFET Devices

Fig 2-7 illustrates the transformer primary voltage waveforms with different PWM schemes

within 60" interval of sector I. Depending on where the reference vector is located and how the

vector sequences are arranged different switching patterns can be generated. As shown in Fig 2-7,
as the reference vector moving within 60" interval of sector I, the magnitudes of two line-line
voltages, vag and vac are varying. If the reference vector is located in—30° <8 <0, vag is greater

than vac and if the reference vector is located in0” < & <30°, vac is greater than vag. Thus, for a

given vector sequence, the switching pattern will be changed when the reference vector moves
from the region of 8 [-30°,0"] to & €[0°,30°]. For example, “Type C” PWM in Fig. 2-7 (c)
exhibits HTL switching pattern during interval of —30° <@ <0°, and LTH switching pattern
during interval of 0" <@ <30" since similar vector sequence ( Iy,,ly,,lg,Tx Ty ,Tg) is

applied in both intervals.
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Fig. 2-7 Transformer primary voltage with different PWM schemes when T is moving within sector I.

0°<@<30°

0=30°

Sector |

34

v




In order to maintain the same switching pattern during two intervals of —30° <8< 0" and

0" <6 <30, the vector sequence of the two active vectors are swapped as shown in Fig. 2-7 (a)
and (b). As shown in Fig. 2-7 (a), “Type A” PWM scheme always maintains HTL switching

pattern with the vector sequence of I, 1y,,1g,T,_, I,y during interval of-30" <# < 0" and

Iy o Tyis T, Ty, Ty, Tg during interval of 0° <@ <30°, whereas “Type B” PWM as shown in

Fig. 2-7 (b) always maintains LTH switching pattern. “Type C” PWM pattern is the most
popular PWM scheme [30, 31, 49] as a result of the simplicity of implementation since no
sequence swapping is required during each sector. “Type D” PWM pattern is rarely used due to
the drawback of asymmetrical voltage pulses across the transformer primary winding. As
discussed earlier, the HTL transition exhibits lower turn-ON switching losses compared with the
transition of LTH. Therefore, the proposed six-segment PWM scheme with HTL transition
(“Type A”) is one of the favorable PWM schemes for isolated buck matrix-type rectifier using
MOSFETSs as primary switches since it exhibits lowest turn-ON losses among all six-segment
PWM schemes. It is also noteworthy to mention that “Type E” PWM scheme also allows the
primary switches to turn on under ZVS condition except two switches as discussed in [45, 51].
However, later on in this chapter, the comparisons between the two PWM schemes “Type A”
and “Type E” reveal that the “Type A” is the optimal PWM scheme for the MOSFET devices

used in three-phase isolated buck matrix type rectifier due to its overall better performance.

2.4 Principle Operation of Rectifier with “Type A”PWM Scheme
As mentioned earlier in this chapter, the three-phase rectifier in Fig. 2-1 can be redrawn as
two ZVS FB-PS DC-DC converters “bridge X" and “bridge y” as shown in Fig. 2-3. The circuit

principal waveforms within 180" intervals with excessively increased switching period of PWM

can be observed in Fig. 2-8. For example, in the sector | (a), the switches S;1. Sy; and Sy, Sz Of
“bridge X” are turned on within time T, / 2 creating a positive voltage pulse vp = vag and a

current pulse flowing from “phase A” into “phase B with magnitude of Ip.
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Fig. 2-8 Waveforms of “Type A” PWM with excessively increased switching period Tj: (a) phase voltages, (b)
primary voltage, and (c) phase currents ia, ig and ic (d) Dy(0) duty-cycle of “bridge x”” and D,(6) duty-cycle of
“bridge y”.

Then, Si1, Sz and Sy, Sp» of “Bridge y” are turned on within time T, /2 creating a positive

voltage pulse vp = vac and a current pulse flowing from “phase A” into “phase C” with
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magnitude of Ip. In order to keep the transformer flux balanced, a negative voltage pulse of the
same duration is next generated by turning on switches Si4, Sp4 and Si3, Sp3 of “bridge X and Si4,
Sz and Sys, Sps of “bridge y”. It should be noted that the grid side currents shown in Fig. 2-8 (c)
remain the same regardless the alternation of the transformer current. In order to realize “Type
A” PWM, the sequence of the two attached active vectors needs to be swapped in the middle of
each sector. As shown Fig. 2-8 (b) - (d), the pulse with larger voltage magnitude and duty-cycle
always starts first. The phase currents are synthesized by the current pulses with a constant

magnitude of lp. The duty cycles D, (8) =T,/Tsand D, (0) =T, /T, of the input current pulses

shown in Fig. 2-8 (c) and (d) within the chosen 60° interval (sector 1) are given by

Ty /Ts —ip(9)/1p —ip(0) /1,
Ty/Ts  |=|1c(@)/1p |=ma| =ic(0)/15 |- (2-6)
(TX +Ty)/Ts ia(e)/IP ia(e)/lm

It can be observed that for a given m, the duty-cycle of current pulse for each phase is
proportional to its fundamental current. Then, m, can be used to adjust the three-phase current

magnitude without affecting their sinusoidal shape.

2.5 Analysis of ZVS Transition and Commutation Method for “Type
A” PWM Scheme

The analysis performed in this section and next section is based on the assumption that the
forward voltage drop across the diodes and the MOSFETS is zero, and that the rectifier diode
capacitances are equal to zero. The complete operation of the three-phase converter during one
switching period Ts is illustrated in Fig. 2-9 and Fig. 2-10. It shows the circuit waveforms of

primary voltage vp and current ip, the rectified secondary voltage V4 and output inductor current

iL and the corresponding switch gate signals in sector | (a) and (b). In sector | (a) 6 [—7[/6,0] :

Vag IS greater than vac and in sector | (b) 6 € [0, z/ 6] ,Vac IS greater than vag.
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The six switches (Sz1, Sis4, S13, S26 Sis, S22) discussed above function as synchronous
rectification to bypass their body diodes since they are forward biased. The rest of the six
switches (Si1, Sz, S2s, S16, S5, S12) operate in a similar manner of FB-PS converter to achieve
ZVS. As shown in Fig. 2-9 and Fig. 2-10, at the leading edge transitions of vp (to-t, and ty;-t33),
the energy stored in the leakage inductance is utilized to charge and discharge the parasitic
capacitances of the switches. However, at the trailing edge transitions of vp (tg-t10, and tie-ty1), the
combined energy stored in both the leakage inductance and the output inductor is utilized to
charge and dischrge the parasitic capacitances of the switches. Two-step commutation can be

applied for both leading and trailing edge transitions.

Table 2-1 Constraints of SR Operation.

Complimentary Switches
sector .
SR Active
Si5 — S,
a °23
| S — Si6
b Sz — %zs
Sz - S12
Si - Sa
a _
I Sp3 - Si
b oo =
Sy - Si3
Si1 - S
a _
Sy — S12
11 —
b S5 — fzi
Sy - Si4
Sy — S,
| :
25 - 13
v —
b S, — S22
Sy - Sis
S13 - Sa1
a _
Sz - Si4
Vv —
b Su - 353
Sy — S1
S1a - S»
a _
Sa1 e Si5
VI —
b S12 e 3724
S5 — S
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Fig. 2-11 Input phase voltages with sector division. In the vicinity of each bundary between part a and part b (inside
the retangular box), two phase voltages are very close and contraints of the SR switches associated with both these
two phases need to be applied.

It is important to note that the transitions between two active vectors (t4-t7, and tys-t1g) require
three commutation steps which consist of two-step commutation with ZVS and one additional
commutation step with non-ZVS turn-ON. The two-step commutation for this transition with
ZVS is realized in the same manner as trailing edge and since the transition voltage is low, ZVS
can be easily achieved even at very light load. The turn-on loss associated with the non-ZVS

switch is very small since it is turned on at zero current at low transition voltage.

It is important to mention that there are always two synchronous rectification switches in one
of the phase legs where the phase voltage has the potential between the other two phases cannot
be kept always on. They should be complimentary with other two active switches in another
phase leg to avoid short circuit between these two phases. Different two switches will be selected
to apply this constraint when the current reference vector moves from one sector to another

sector and from part a to part b within each sector as summarzied in Table 2-1.

However, in the real three-phase system, the phase voltages might be distorted or unbalanced
such that in the vicinity of the boundary between sector | (a) and | (b) (inside rectangular box in
Fig. 2-11), the voltage difference between the two phase voltages may have reversed polarity
compared with ideal cases. Therefore, in the vicinity of the boundary between “sector a” and

“sector b”, switching constraints for both “sector a” and “sector b’ need to be applied.
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2.6 Steady-State Analysis of “Type A” and Performance
Comparison with “Type E”

In this section, duty-cycle loss, output inductor current ripple and switching losses of the
“Type A” and “Type E” PWM are compared. Also, the comparison indicates that the input

current THDs of the converter are not significantly impacted by the two PWM patterns.

2.6.1 Analysis of Duty-Cycle Loss

The duty-cycle loss is one of the major limitations of operating at higher switching frequency
and it generates circulating current on the primary of the transformer which results in conduction
losses and poor input current THD. Selection of the transformer turns ratio, n, and the
modulation index m, is related to the loss of duty cycle, which depends on the choice of the
switching frequency, leakage inductance, and the ZVS range. The duty-cycle lossAD, happened
at the transition from zero vectors to active vectors due to the finite transition time depending on
the value of L, and the primary side voltage vp as shown in Fig. 2-12 in the shaded area. During
duty-cycle loss interval, the output inductor current is still freewheeling through the bridge
rectifier and the transformer secondary voltage is clamped to zero. The primary current ip swing
from one direction to another direction and, as a result, the two input currents i, and iz (due to
the bridge x duty-cycle loss in sector | (a)) contain two triangles A; and A; since the input phase
current is synthesized byir. These two areas are canceled each other and result in zero net
current during interval AD, . Therefore, AD, will not contribute to either the input phase-current or

the output power, but generate losses due to the circulating current. The loss of duty-cycle will
also affect the input current THD and output voltage ripple if the applied duty cycle is not
compensated. As shown in Fig. 2-13, the duty-cycle applied to each phase follows the same
shape as the phase current since the phase current is proportional to its duty-cycle. Due to the
duty-cycle loss, however, the effective duty cycle (dashed-line) is lower than applied duty cycle

(solid line). Then the curve of effective duty-cycle will contain step changes which occurred
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every 60° interval as shown in Fig. 2-13. As discussed above, the phase current is determined by
the effective duty-cycle so that the phase currents are also distorted causing higher THD. In
addition, this will introduce low frequency harmonics into the output voltage as well. In order to
eliminate these issues, the applied duty-cycle needs to be compensated such that the effective

duty-cycle (which is also the secondary duty-cycle D, (6) =T, /T, and Dy (0) =Ty, /T )

satisfy the condition below:

sz(e) = _ma(lb(e)/lm)

2-7)
Dsy(g) = _ma(lc(e)/lm)
Then, the primary duty-cycle with duty-cycle compensation is defined as:
Dy (6) = Dsx (0) +2ADy (0) (2-8)

Dy (0) = Dy (9)

Since there is no duty-cycle loss for the transition from I, to fy, the effective duty-cycle
D, (0) is equal to the applied duty-cycle D () . It should be noted that the duty-cycle loss will
reduce the maximum available m,, which is the effective duty-cycle at the peak of phase current.

The maximum loss of duty-cycle is obtained when the magnitude of vp(#) is minimum at
6 =0" and vp (@) =3/ 2V,,. The maximum total loss of duty-cycle in term of the output load is

given by equation (12):

4n*m, L.
ADtotal _max R—le (2-9)

where Ly is the leakage inductance, n is the transformer turns ratio, and R, =V,/I, is the load
resistance. After the duty-cycle compensation, given in (2-8), the maximum applied duty-cycle
happened at & =0° since both the effective duty-cycle and the loss of duty-cycle attain their

maximum values at & =0°. Because the applied duty-cycle cannot exceed one, the maximum

available effective duty-cycle is given by
Dsx max =1—2AD,(0). (2-10)
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Then, the effective m, should be in the range of [0, Dy, max] . Outwardly; large loss of duty-

cycle reduces the range of the effective m, and generates higher conduction loss. Compared with

“Type A” PWM, the “Type E” has two additional duty-cycle losses, AD, as shown in Fig. 2-14.

The intervals of ADy is longer than intervals of AD, since AD, is associated to the narrower

pulse where the magnitude of vp(60) is lower. At the extreme case, when & =+30", the interval of

AD, is twice of the interval of AD, as shown in Fig. 2-14 (e) and (f) where the magnitude of

vp(0) is only half of that during intervals of AD,. In spite of the two missing pulses |er and

l,_on the secondary side at &=+30", two pulses of |, and I,_ on the primary side always

exist in order to compensate the duty-cycle loss as shown in the Fig. 2-14 (f). Therefore, these
two pulses contribute no power to the output load, but create conduction and switching losses on
the primary side of the transformer. The total duty-cycle losses for “Type A” and “Type E”
PWM schemes are compared at different angle @ as provided in Table 2-2. In order to make an

easier comparison, the total duty-cycle losses are normalized by using the total duty-cycle loss of

“Type A” PWM at 8 =0" as a base. It is interesting to note that the total duty-cycle loss of
“Type E” PWM is two to three times higher than the “Type A” PWM if the same value of Ly is
used. In other words, if both designs have the same duty-cycle losses, the “Type A” PWM can

achieve ZVS with wider load range.

Table 2-2 Comparison of Normalized Total Duty-Cycle Losses.

0 ADya of “Type A” PWM | ADyy of “Type E” PWM
9-0° 1 2
-30°<6<0° J3/2 < ADyyy <1 2 < ADyyy < 343/2
0° <60<30°
0 ==+30" ADyq) =/3/2 ADya =33/2
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Fig. 2-12 Waveforms of the steady state operation in sector | (a).
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Fig. 2-13 Distorted input phase current waveforms without duty-cycle compensation (solid line: applied duty-cycle;
dashed line: effective duty-cycle).

This significantly reduces the turn-on switching losses at lighter load. The reduction of duty-
cycle loss also enables the operation of the converter at higher m, and reduces the power loss

caused by the circulating current in primary side switches.
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2.6.2 Analysis of Output Inductor Current Ripple

For a given output voltage, the output inductor current ripple at steady-state is determined by
the off-time of the output bridge rectifier voltage V4. The off-time of V4 consists of the dwell
time of zero vectors and the time intervals of duty-cycle loss. Fig. 2-14 shows the output inductor

current ripple of “Type A” and “Type E” PWMs varying with phase angle ¢ due to the variable
off-time of V4. At 6 = 0°, the total off-time of V4 is minimum and is given by (1-m,)T;.

Therefore, the current ripple for both “Type A” and “Type E” PWM schemes reaches the
minimum value at § = 0°. For “Type E” PWM, the off-time of Vy is divided into four intervals
while for “Type A” PWM, the off-time of Vy is divided into two intervals as shown in Fig. 2-14
(@) and (b). Then the current ripple for both “Type A” and “Type E” PWMs is respectively given

by
Vo (l - ma )Ts

Al = 2L, (2-11)
Al i ZM . (2-12)
L,

As shown in (2-11) and (2-12), the minimum current ripple of “Type E” PWM is only half of
that of “Type A” PWM. At 8 =230", the total off-time of Vg4 is maximum and can be derived as

(1—\E/ 2 ma)Ts- Therefore, the output current ripples of “Type A” and “Type E” PWMSs reach

the maximum values as shown in Fig. 2-14 (e) and (f). For “Type A” PWM, the off-time of V is

still equally divided by two. The current ripple can be derived as

Al Vol —3/2m,)T,
max — 2|—o :

For the “Type E” PWM, three of the off-time intervals adjacent to the narrow pulses merge

(2-13)

into one, resulting in larger current ripple.
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Fig. 2-14 Comparison waveforms of the duty-cycle loss and the output inductor current ripple for “Type A” and

“Type E” PWM.
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For example, at & =-30°, the two pulses of |y+ and Iy_ on the secondary side disappear so
that three of the off-time intervals merge into one large interval as shown in Fig. 2-14 (f).
Assuming that the difference between AD, and AD, is relatively small and can be ignored, the

maximum current ripple of the “Type E” PWM can be derived as

3V,(L-V3/2m)T,

Al = m (2-14)

In summary, the minimum current ripple in “Type A” PWM (at € =0°) is higher than “Type
E” PWM by two times. This is one of the drawbacks of “Type A” PWM. However the maximum

current ripple in the “Type A” PWM (at & =+30") is smaller than that of “Type E” PWM. It is
important to observe that, the frequency across the transformer with “Type E” is double of the
“Type A” PWM, given that both PWM schemes have the same Ts. Then, the lower core loss and
smaller core of the transformer can be expected with “Type E” PWM. However, “Type E” PWM
will not offer a significant benefit in transformer design if the transformer is designed based on
the maximum flux density which is normally the most important constraints for the transformer
design. As shown from the primary side voltage of the transformer vp in Fig. 2-14 (f), two pulses
associated with vag attains its maximum magnitude and the other two pulses associated with vac

reach to minimum. As a result, both PWM schemes attain the same maximum flux density on the

primary side of the transformer at the vicinity of 8 =430, although the transformer with of

“Type A” operates at half of the frequency of “Type E” PWM.

2.6.3 Analysis of Switching Loss

The analysis in this section is based on the switching operation in sector | (a) and this
remains true for all the sectors due to the repetitive feature of the switching pattern. In addition,
switching losses can be analyzed for turn-on and turn-off actions within a switching cycle. As
shown in Fig. 2-10, there are eight turn-on switching actions (four per each half-cycle) and eight

turn-off switching actions (four per each half-cycle). In the first half-cycle, Sig, S22, and Sy4 are

48



turned on under ZVS while Sy, is non-ZVS turn-ON. Before the MOSFET Sy, is turned on the
drain-source voltage Vg is (Vac —1/2Vag)and it varies from 0 to 3/4V,, during one 30° interval

and the current lys through this switch is zero. Since S; is turned on at zero current to discharge

the energy stored in output capacitance C,, of MOSFETS S3, and Sy;, the turn-on loss should be

very small. Three turn-off actions in the first half-cycle contribute to the switching losses since
S24, S16, and Sy, are turned off at full current while Sy, is turned off at zero current. Switching loss
is also a function of the voltage transition across the switching device. Because the voltage
transition between two joint active vectors is only the difference of the two line-line voltages, the
turn-off loss of S;g corresponding to this transition is much smaller than that of the other two
switches Sy, and Sio. The number of switching actions and resulted switching losses in the
second half-cycle are the same as the first half-cycle, but different switches are involved which
will not be discussed here. In summary, six turn-off and two non-ZVS turn-on actions contribute
to switching losses within one switching cycle of “Type A” PWM. For “Type E” PWM, there are
ten turn-ON and turn-OFF actions within one switching cycle. As discussed in [45], two turn-ON
and eight turn-OFF actions contribute to switching losses. It is also important to note that the
losses associated to two non-ZVS turn-ON actions are very small for both PWM schemes due to
low voltage transition prior to turn on [54].

Table 2-3 Switching Loss Comparison of “Type A” and “Type E” PWM Under ZVS Operation.

“Type A” “Type E”
Total number of turn-on or turn-off actions 8 10
Number of turn-on actions with ZVS 6 8
Number of turn-on actions with non-ZVS 2 2
Number of turn-off actions with high voltage transition of 4 8
(\/§/2Vm - \/gvm )
Number of turn-off actions with low voltage transition of (0~ ﬁ/ZVm) 2 0
Total turn-on losses ignorable ignorable
Total turn-off losses (normalize based on 6-segment) ! 16
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Compared with “Type A” PWM, “Type E” PWM has noticeable higher turn-off losses due to
two reasons. First, more turn-OFF actions contributes to switching losses. Second, all the turn-

off actions are switched at high voltage transition. The switching loss comparison between “Type
A” and “Type E” is summarized in Table 2-3.

2.7 Experimental Verification

Table 2-4 Experimental Prototype parameters

L 90 uH vV, 345V
C 10 uF n 2
frrof “Type A” 50 kHz | ftg of “Type E” 100 kHz
fyria 60 Hz L six sen 5.7 uH
LIk_eight_Seg 3.2 HH
Vi ms 180V T, ZP47313TC
L, 450 uH S11- Sy IPW60R041P6
Co 220 pF D;-D, SCS215KG
Vv Power Plant ~
3-Phase
o
Gate drivers
v
— EP4CE10E22C8 SAA/D I—'°
Y G FPGA V,
o] 1™
[ <] K
7] T, maf
Y v Y
gri -
Jﬂ 1 el Vref
i.a
—»[ TMS320F28335
DSP

Fig. 2-15 Controller block diagram.
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The purpose of the experimental results in this section is to validate the performance (duty-
cycle loss, output inductor current ripple, dynamic switching behavior and input current THD) of
the isolated buck matrix-type rectifier with “Type A” and “Type E” PWM schemes. The
prototype is setup at 3.4 kW output power and 600 V Si-MOSFETSs are employed for the primary
bidirectional switches of the rectifier. A RCD snubber is added at the output of the bridge diode
rectifier in Fig. 2-1 to reduce the high voltage spike. Detailed experimental system parameters
are listed in Table 2-4. It is also important to note that the value of Ly is calculated by (A-6) with
considering 10% duty-cycle loss at full load current. The controller block diagram of the

experimental prototype is shown in Fig. 2-15.

2.7.1 Experimental Waveforms for Duty-cycle Loss and Output Inductor

Current Ripple

The duty-cycle loss can be identified as the intervals AD, and AD, as shown in the Fig. 2-16.

In one cycle, the duty-cycle loss in “Type E” contains four intervals (two associated with wide
pulses and two associated with narrow pulses) as shown in Fig. 2-16 (b), (d) and (f). The duty-
cycle loss of proposed PWM only contains two intervals in one cycle as shown in Fig. 2-16 (a),
(c) and (e). In “Type E” PWM, the two intervals associated with the two wide pulses have the
same duration as that of “Type A” PWM, while the other two intervals associated with the two
narrower pulses have longer duration because the voltage across the transformer is lower and i,
has longer ramping time. Therefore, the total duty loss in “Type E” is more than twice of the
total duty-cycle loss of the proposed “Type A” PWM. Although the operating frequency of the
“Type A” PWM is only half of “Type E” PWM, the maximum output current ripple in “Type A”
is lower than the “Type E” PWM by more than 20% as shown in Fig. 2-16 (e) and (f). However,

the minimum output current ripple in “Type A” is twice larger than “Type E” as shown in Fig. 2-
16 (a) and (b).

51



3 b e b »
by Vp a4 Ve
| 2.5A/div 4Dy 4Dy 2.5A/div “4D, 4D, 4D, "D,
200V/div Sus/div 200V/div Sps/div

(b) “Type E” at 0 =0°

(@) “Type A” at ¢ =0°

| 2.5A/iv D, Dy 2 5AMiv-  ADy Dy Jo
200V/div 5ps/div 200V/div i 5ps/div
(c) “Type A” at —-30° <4 <0° (d) “Type E” at —30° < 0 <0°

o — i I el 3 et =
: Vp wla Vp
| 2.5A/div 4D ADy | 25Aiv 4D 4D Algy au
200V/div 5us/div 200V/div 5us/div

(e) “Type A”at 6 =-30° (f) “Type E’at =-30°

Fig. 2-16 Experimental waveforms of the transformer primary voltage v, , rectifier voltage v, and inductor current
ripple Al .

2.7.2 Converter MOSFET Switching Dynamics Behavior with “Type

A”PWM

It is crucial to observe the ZVS operation of the MOSFET switches in the converter with
“Type A” implementation, since the ZVS operation is an indicator of switching loss reduction.

To demonstrate the state of ZVS, switch Sy4 on the phase “leg A” is selected, thereby showing
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the ZVS of all active switches. Fig. 2-17 (a) shows the voltage waveforms of “phase A” voltage
v, the primary voltage of the transformer v, and the drain-source voltage Vg4s of MOSFET Sy in

six sectors operation. The MOSFET turn-on and turn-off switching transitions are analyzed at
three locations of t;, t, and t3 in sector Il. At t; and tp, Sy turn-on represents the ZVS turn-on
action for the transition from zero vectors to active vectors, while Sy4 turn-off represents the turn-
off action for the transition between the two joint active vectors. At t3, Sy4 turn-on represents the
non-ZVS turn-on action of the HTL transition, while Sy4 turn-off represents the turn-off action

for the transition from active vectors to zero vectors.
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(b) at t; the beginning of sector II. (c) att, in the sector II. (d) at ts in the sector 1.

Fig. 2-17 Experimental waveforms for rectifier MOSFETs switching behavior with “Type A” PWM
implementation.
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As shown in Fig. 2-17 (b) and (c), Vg tends to zero before the gate to source voltage Vg,

approaches high, which indicates that the body diode is on before the turn-on of the switch such
that ZVS is realized. The non-ZVS transition is shown in Fig. 2-17 (d). Prior to turning on this
switch, the drain-source voltage Vy of the MOSFET is very small and the current iy through this
switch is zero. Therefore, the resulted switching loss is very low. Due to the ZVS operation, the
primary side voltage waveforms are free from high switching noise and no snubber is required.
As shown in Fig. 2-17 (b) - (d) all the turn-off actions contribute to the switching losses since the
MOSFET is turning off at full current. Because the voltage transition between two joint active

vectors is only the difference of the two line-line voltages (vac —Vag) in Fig. 2-17 (c), the turn-off

loss at t3 is much smaller than that at t; and t,. However, the MOSFET turn-off action produces
negligible losses since the overlapping of voltage and current is very small during turn-off
transition.

2.7.3 Verification of Input current THD

Fig. 2-18 shows the input phase voltage and currents waveforms with “Type A” and “Type
E” PWM schemes implementation. As shown in Fig. 2-18 (b), in “Type A” PWM
implementation without the duty-cycle compensation, there are step changes in the input phase
currents that are caused by swapping the duty-cycle of “bridge X and “bridge y” in the middle of
each sector to achieve HTL switching pattern.

W M/ BEE

Large

Va

10A/div 10A/div Step change 10A/div
50V/div 5ms/div | | 50V/div 5ms/div | | 50V/div 5ms/div
(a) “Type A” with duty-cycle compensation (b) “Type A” without duty-cycle compensation (c) “Type E” with duty-cycle compensation

Fig. 2-18 Waveforms of grid voltage V, and currents i,, i, and i, at the rated power.
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Fig. 2-19 Experimental spectrums of Input phase current.

The input current THD for “Type A” without duty-cycle compensation is 3.8%. Fig. 2-19 (a)
and (b) show the experimental spectrums of the input currents obtained from the prototype with
duty-cycle compensation for “Type A” and “Type E”. The input current THD, calculated from
the measurement, is 1.54% with “Type A” and 2.38% with “Type E” implementation.

2.8 Conclusions

The operation principle of the three-phase isolated buck matrix-type rectifier based on the
traditional eight-segment PWM (“Type E”) is described first. The relevance between SVM and
the synthesis method with ZVS phase-shift full-bridge topology is also explained. Then several
practical PWM schemes are analyzed and compared. It is shown that the proposed six-segment
PWM scheme (“Type A”) is the optimal PWM scheme for the MOSFET devices employed for
bidirectional switches in the isolated buck matrix-type rectifier. The ZVS operation of the
rectifier with “Type A” and “Type E” is analyzed at steady-state operation.

The performance of “Type A” PWM is compared with that of the traditional eight-segment
PWM (“Type E”) with theoretical analysis and experimental results. “Type A” PWM features
lower switching losses, lower duty-cycle loss and lower maximum output inductor current ripple.
The reduction of duty-cycle loss of the rectifier offers some other benefits such as improving the
light load efficiency by using larger value of resonant inductor and reducing the conduction loss
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caused by the circulating current. Very low input current THD can be achieved with duty-cycle
compensation for both PWM schemes “Type A” and “Type E”. However, “Type E” offers the
benefit of smaller transformer size due to the doubled pulse frequency on the transformer which
results in lower core loss. Therefore, it is commendable to improve the eight-segment PWM
which can be considered as an alternative PWM scheme for the isolated buck matrix-type

rectifier.
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Chapter 3
Improved “Type E” PWM and Efficiency
and Power Density Evaluation for 380 V and

54 V Prototypes

In Chapter 2 several practical PWM schemes particularly for the isolated buck matrix-type
rectifier are studied and “Type A” PWM scheme is identified as an optimal PWM scheme for the
rectifier with MOSFETs implementation. Generally, the overall efficiency with “Type A” PWM
is relatively higher than “Type E” especially at light load due to lower switching losses. However,
“Type A” PWM suffers from larger core size compared with “Type E” PWM since with “Type E”
PWM, the frequency on the transformer is nearly twice the frequency of “Type A” PWM when
maintaining the same switching frequency. In order to take the advantage of “Type E” PWM,
this PWM can be considered as an alternative PWM scheme in compact design. It is, therefore,
important to improve the “Type E” PWM by overcoming its drawbacks. As discussed in Chapter
2, there are two major issues related to “Type E” PWM: first, “Type E” PWM contains two non-
ZVS switches in each sector which contribute to turn-on losses and second, the rectifier
operation with “Type E” PWM scheme suffers from large output inductor current ripple which
results in having larger output inductor size and early loss of ZVS for the leading edge transition.
In this chapter, an improved eight-segment PWM is introduced which mitigates these two issues
related to traditional eight-segment PWM (“Type E”).

The next focus of this chapter is to provide comprehensive loss breakdown and efficiency
comparison on 5 kW isolated buck matrix-type rectifier prototypes with 380 V and 54 V output
voltages respectively since 380 V and 54 V output voltages are the two popular solutions for
PDS in data center and telecom applications. The typical three-phase input voltage of the PDS in
data center and telecom application is 400/480 Vrms. The peak reverse voltage applied to the
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bidirectional switches of the rectifier is equal to the peak of the ac mains line-to-line voltage
which results in 750 V maximum blocking voltage for a 480 Vrms mains with 10% overvoltage.

Therefore, switches with a blocking voltage rating of 900 V or 1.2 kV are typically used.

Among the various switching devices to date, IGBTs has found commonplace usage within
power converter systems operating at voltages in this range because of their relatively low on-
state voltage compared to Si FET device. Moreover, IGBTs have been widely used for medium
and higher power applications (> 5 kW) in industry to realize the bidirectional-switches of the
matrix-type rectifier However, IGBT’s drawback is its slower switching capability due to its
bipolar output characteristic. To achieve the targeted efficiency (> 98%) SiC MOSFETs are
selected due to their high blocking voltage rating and low conduction and switching losses
compared to its Si counterparts. Although the loss reduction advantages in principle of SiC
devices compared with Si devices are already well established [56, 57], but their benefit in the
context of an isolated buck matrix-type rectifier is not so clear-cut. In order to compare the
potential of advanced semiconductor technology against state-of-the-art low-cost technology in
this application, the loss analysis of both Si IGBT and SiC MOSFETSs is provided.

3.1 Improved “Type E” PWM

Similar to the six-segment PWM schemes in Chapter 2, the eight-segment PWM scheme
also has different PWM patterns. Fig. 3-1 (a) and (b) show the eight-segment PWM scheme with
two possible PWM patterns. The eight-segment PWM scheme (“Type E”) in Fig. 3-1 (a) is
preferable since the voltage-second is balanced in positive and negative half-cycle during entire
six sectors operation. However, the PWM in Fig. 3-1 (b) is not desired because there are two
large pulses with the same polarity appearing one after another at the boundary of sectors as
shown in the circle. This creates large flux offset in the transformer core and may saturate the

core.
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Fig. 3-1 Transformer primary voltage waveform with Eight-segment PWM scheme: (a) desireable PWM pattern (b)
traditionl PWM pattern.

An improved “Type E” PWM scheme is introduced based on the same PWM pattern as
“Type E”, but the zero intervals are not distributed equally. By rearranging the zero vector
intervals of “Type E’, the output inductor current ripple can be significantly reduced. Therefore,
the output inductor can be designed with smaller size. In addition, a two-step commutation
method is applied in improved “Type E” to eliminate the loss of two non-ZVS turn-ON switches
associated with “Type E” PWM.

3.1.1 Full ZVS Turn-ON for Devices with Proposed Commutation Scheme

The finite commutation state machines for improved “Type E” PWM scheme with the
proposed commutation method are shown in Fig 3-2. The transition states (dashed-circle) are
added between main states (in shaded color) to achieve ZVS and synchronous rectification
operation. It is worth mentioning that the commutation scheme derived for improved “Type E”
PWM scheme permits all the switches of the rectifier to turn ON under ZVS condition. This may
be considered as an advantage over “Type A” PWM where two of the switches in each sector are

non-ZVS although the associated turn-ON loss for these two switches is very small.
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Fig. 3-2 Finite commutation state-machine in all sectors for improved “Type E” PWM (Not: all the primary
MOSFET switches are turned ON under ZVS with the proposed commutation method).
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3.1.2 Reduced Output Inductor Current Ripple with the Proposed Optimized

Zero-Vector Dwell Times

As discussed in Chapter 2, in “Type E”, the dwell time of I,is equally divided by four and

inserted between I, and Ty as shown in Fig. 3-4 (b) and (d). With considering the duty-cycle

losses, the dwell time can be calculated as

T, =[m, sin(% —0) +2AD, T

. n 7
Ty =[mg sm(% +6) + 24Dy JTg for s << . (3-1)

To=Ts - Ty Ty

Assuming the output inductor ripple current is relatively small compared with the load

current 1, , duty-cycle losses ADy and ADy corresponding to vectors I, and I, respectively is the

function of the voltage vp(6) across the leakage inductance Ly during these intervals and the load

current 1, as shown in (3-2) and (3-3).

2nl Ly,

AD, = —2—X_ 3-2
X VP_X(H)TS ( )
_ 2n|0L|k (3_3)

y VP_y(H)TS

Here, vp (0)and vp (6) represent the magnitude of transformer pulses of “bridge x” and
“bridge y” respectively (Vp ,(6)=Vag and Vp \(6)=Vac in Fig. 3-4). For a given output

voltage, the output inductor ripple at steady-state is determined by the total off-time of the

transformer secondary side PWM voltage V, and how the off-time is divided into four intervals

in one switching cycle. Fig. 3-3 (b) shows the envelope of output inductor current ripple varying

with phase angle 8 with equally distributed zero-vector intervals (“Type E”). Zoom-in PWM

waveforms are shown in Fig. 3-4 (b) and (d). At €=0°, total off-time of the secondary voltage
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V, is minimum and is given by (1-m,)T,. The resultant four pulses of V,are identical and are

evenly distributed in one switching cycle. Therefore, the output inductor current ripple is
minimum and is given by (2-15). When phase angle 6 is moving away from 6=0, the
magnitude and width of one pair of pulses start increasing and that of another pair of pulses start
decreasing. At the vicinity of 8 =17/6, one of the two active vectors attains its maximum
magnitude and the other vector reaches to minimum as shown in Fig. 3-4 (d). One of the pair of
voltage pulses of Vy disappears due to the duty-cycle loss and three of the off-time intervals
merge into one. As a result, voltage pulses of V4 are not evenly distributed within Ts, resulting in
larger current ripple. The peak to peak ripple current is determined by T , the total value of the

three merged off-time intervals, as shown in Fig. 3-4 (d). Assuming that the difference between

ADy and ADy is relatively small and can be ignored, the maximum current ripple at 6 = —/6and

0 =7/6 can be calculated by (2-18). However, when loss of duty-cycle is large, the difference

between AD, and ADy cannot be ignored, then (2-18) can be revised as:

B3

T
Vo(l_ima)_(io—'_ADx)
Al = 2 C 4 . (3-4)

By properly dividing Ty into four different intervals between these voltage pulses (1.1, ), the
output inductor current ripple can be reduced. In order to minimize the output inductor current
ripple, the zero vector interval between the pair of wider pulses (To; at € €[~7/6,0] and Tos at

0 €[0,7/6]) should be long enough to let the output inductor current decay to the same value as

that of the beginning of the pulse as shown in Fig. 3-4 (c). Based on the principle of the voltage-

second balance, To; and To3 with considering the loss of duty-cycle can be expressed as:

Tor =Ts sin(% - 9)(\? sin(6 + 23”) - ; m,) -TsADy , Oe[-7/6,0] (3-5)
LT 3 . . 1
Toz=Ts sm(g + 6’)({ sin(6 + g) - my)-TsADy , O €]0, /6] . (3-6)
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Fig. 3-4 Zoom-in waveforms of the primary side voltage vp, primary side current ip, output bridge diode rectifier V4
and ouptut inductor current i_ of the isolated buck matrix-type rectifier with (a) improved “Type E” PWM, (b)
“Type E” PWM, (c) improved “Type E” PWM and (d) “Type E” PWM.

Then for easy implementation, the rest of three zero vector intervals can be derived by simply

dividing the remaining total zero-vector dwell times into three equal intervals as shown in below:

1

1
To1 =Toz =Toa = (To ~Tog) . € <[0, 7/6]. (3-8)
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Fig. 3-5 Four zero-vector intervals of the improved “Type E” PWM (condition: m, = 0.8 and ADygg (6) = ADjoa (0)
=0.1).

Fig. 3-5 shows the four zero-vector intervals (To1, Toz, Tos, Tos) Vary within each sector.
Compared with “Type E” PWM, the peak of inductor current ripple at & =+ /6 with improved

“Type E” PWM is reduced as shown in Fig. 3-4 (c) and Fig. 3-4 (d). It should be noted that the
maximum achievable m, may be reduced with proposed PWM scheme. When m, is large, the
calculated To; or Toz3 may be larger than the total zero-vector dwell time Ty and should be
clamped to Ty, the rest of three zero-vector intervals will be zero. In this case, the resultant
current ripple will be slightly compromised, but it is still smaller than the case with four equally

distributed zero-vector intervals.

3.1.3 Simulation and Experimental Verification for Imporved “Type E”

The simulation model and the experimental prototype are the same as parameters given in
Table 2-1 for “Type E” PWM. Fig. 3-6 shows the simulated and experimental waveforms for the
improved “Type E” PWM. As shown in Fig. 3-6, the transformer primary voltage is clean and no
large spike is noticeable due to the ZVS operation of the MOSFET switches. Compared with
“Type E” in Fig 2-16, the peak of output inductor current ripple is around 20% lower at the

0 =+7x/6. At =0, both PWMs exhibit equally low output inductor current ripple.
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rectifier voltage v, and inductor current ripple ai, with implementation of improved “Type E” PWM: (a) at 6 =0°,

©

(b) —7/6 <6 <0and (c) at @ =—7/6. (Ch2 = 200 V/div, Ch3 = 200 V/div, Ch4 = 2.5 A/div).

The improved output inductor current ripple is also beneficial for current sensing which is
used to implement average current mode control. The sampled current in the middle of pulses

can accurately represent the average current for the current feedback loop. This results in better

input currents THD.
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3.2 Loss Breakdown and Efficiency Comparisons for 380 V and 54 V
Prototypes

Evaluation of the semiconductor loss for Si IGBTs and SiC MOSFETs requires
quantification of the conduction and switching characteristics for both switch families in the
context of the isolated buck matrix-type PWM rectifier. For conduction losses, it is sufficient to
use manufacture’s datasheet. However, it is more difficult to determine the switching loss
behavior of these devices from datasheets, particularly when they are operated well outside the
test conditions that they are used to obtain the datasheet results. Since the mechanisms of
commutation can affect the switching behavior, turn-ON and turn-OFF losses of each switching
transition are analyzed for “Type A” and improved “Type E” respectively. In addition, the
periodically varying operating conditions due to three-phase operation also add complexity to the
switching loss calculation. The proper averaging techniques are used to get the equivalent

switching losses.

3.2.1 Conduction Losses on Semiconductors

Assuming the inductor ripple current is small, the conduction loss can be calculated based on
the average inductor current. Except the switching transition, the primary current path always

contains four MOSFETSs in series. Then the conduction losses can be calculated as

Pe s =4(nl)°Rps on- (3-9)

Rops on iS the on resistance of the primary MOSFETSs at 100°C and n is transformer turns ratio
N2/N;. For 380 V prototypes, current path in secondary side diode bridge rectifier can be
considered as two diodes in series, and then conduction loss of the semiconductors on secondary

side can be calculated by

P b= 2[1,2Rp + 1Vp 1. (3-10)
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In the 54 V prototype, two transformers are connected in series at the secondary side output
as shown in Fig. 3-8. Therefore, the conducted current of the synchronous rectifier of each
transformer is the same as the load current. The total conduction loss of the semiconductors on
secondary side of two transformers can be calculated by

2
Fe sk =215"Rps_on,sr / Nsr-tot (3-11)
where Ngr-tot IS the total number of parallel SR MOSFETS on one side of each transformer.

The total gate driver losses for SR MOSFETS can be calculated by
PC_SR =4 fsngng—SR NSR—tot : (3'12)

where Vgs and Qgs.sr are the applied gate to source voltage and gate charges respectively.

3.2.2 Analsis of Switching Loss of the Bidirectional Devices in Isolated Buck

Matrix-Type Rectifier with “Tpe A” and Imporoved “Type E”

In “Type A”, there are six transitions in one switching cycle as shown in Fig. 3-7. As
discussed and summarized in Chapter 2, all the switches of the isolated buck matrix-type rectifier
are turned ON under ZVS condition for desired ZVS range (eg. 100% to 40% load) except two
switches for transitions 2 and 5. All the turn-off switching events in Fig. 3-7 generate losses. The
associated turn-ON and turn-OFF losses of each transition have been discussed in detail in
Appendix A. The two non-ZVS transitions are related to the charging/discharging energy stored
in output capacitance Coss 0f MOSFETs and should be very small since the drain-to-source
voltages prior to switching turn-ON are small. The turn-ON loss of two non-ZVS can be

calculated by
I:)sw_Znon_ZVS = 2Eon_non_ZVS_avg fsw =4Eqss (O-SVm) 1:sw- (3-13)

As discussed in Appendix A, ZVS operation of the converter is similar to the operation of
FB-PS. At light load when ZVS is lost, there are two leading edge turn-ON events contributing
to the turn-ON switching losses for six-segment PWM and four leading edge turn-ON events
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contributing the turn-ON switching losses for eight-segment PWM. The turn-ON loss is the

function of residual voltage V,.s and can be expressed as:
I:)sw_on_lead _six_seg — 2Eon_Iead (Vres) fsw (3'14)

I:)sw_on_lead _eight_seg — 4Eon_|ead (Vres) fsw : (3'15)

As discussed in [44], the equivalent total output capacitance for the leading edge operation is

5/2C, if all the other parasitic capacitances are neglected. The (3-14) and (3-15) can be

revised as
S 2
Psw_on_lead _six_seg — Ecossvres fsw = 5Eoss (Vres) fsw (3'16)
2
I:)sw_on_lead _eight_seg — 5CossVres” fsw =10Eqss Vires) fsw - (3-17)

The ZVS for trailing edge switches can be achieved at lighter load because the energy stored
in the output filter inductor is significantly larger than the energy stored in the leakage
inductance. In addition, the transformer primary current during this transition is at peak.
However, when the node capacitances are relatively very large and the primary current is very
small such that ZVS is lost, the trailing edge switches also suffer from the turn-ON switching
loss. To nullify the trailing edge turn-ON loss, adaptive delay is usually implemented such that
the dead-time is increased at light load and reduced at heavy load. Small magnetizing current is
also helpful to mitigate the trailing edge turn-ON switching loss.

In “Type A”, each of the six transitions involves one turn-off event which contributes to the
switching loss. Since the switching loss is a function of switching current and voltage, switching
losses for these six turn-OFF events are different. As discussed in Appendix A, four of the turn-
off switching events (1, 3, 4, 6) are switched at full voltage vag(6) or vac(#) which results in
larger switching loss compared with the other two trun-off switching events (2, 5) with lower
voltage (due to difference voltages between vag(d) and vac(6)). In improved “Type E” as shown
in Fig. 3-7 (b), there are eight transitions and each transition also involves one turn-OFF event
which contributes to the switching loss.
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Fig. 3-7 Switching events for (a) “Type A” and (b) improved “Type E”.

Four of the eight transitions are turned OFF at vag(#) while the other four are turn OFF at vac(6).

Assuming the turn-OFF current is the same for all turn-OFF events by neglecting the effect of

current ripple, the total turn-OFF loss for “Type A” and improved “Type E” can be calculated by
I:)SW _off _six_seg ~ (2 Eof‘f _low_six_avg + 2Eoff _lead _avg + 2Eof'f _trail _avg) fsw

(3-18)
=4Eq _lead _avg fow = 4(Eggr (1.65V)) — Eges (1.65V)) fgyy

Pow _off _eight_seg = (4E o lead _avg T 4E o _trail _avg) fsw
. (3-19)
= TEq _lead _avg fow = T(Eggr (1.65Viy) — Bgs (1.65V)) foy

Table 3-1 Summary of the turn-ON and turn-OFF loss calculation for “Type A” and improved “Type E”.

PWM Scheme Psw on_Lead Paw non_2vs Paw of
5E s (Vres) fow 4Eoss (0.Vin) fsw | 4 Eofr _lead _avg fow
“Typ e A”
= 4( EOff (1'65\/m) - Eoss (1-65\/m )) fsw
7 Eoff lead _avg fsw
Improved “Type E” 10E g5 (Vres) fow 0 —lead_

= 7(Eoﬁ (1-65Vm) - Eoss (1'65\/m )) fsw
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Table 3-1 provides summary of the turn-ON and turn-OFF switching losses with “Type A”
and improved “Type E” PWM implementations when the ZVS is lost for turn-ON switching
actions. It is important to note the isolated buck matrix-type rectifier has turn-OFF switching loss

for all load condition.

3.2.3 Analsis of Switching Loss on the Secondary Side of the Rectifier with
“Type A” and Imporoved “Type E”

Similar to the operation of FB-PS, the secondary side bridge diode rectifier of the isolated
buck matrix-type rectifier also suffers from large spike and high-frequency ringing loss due to
the resonance between the leakage inductance of the transformer and the parasitic capacitance of
the bridge diodes. The analysis of the ringing loss of the secondary side bridge diode of the
isolated buck matrix-type rectifier is similar to that of a buck DC-DC converter where the
ringing happens during the turn-OFF process of the freewheeling diode or SR MOSFET [58]. It
is important to note that the reverse recovery charge of diode bridge rectifier also contributes to
the ringing loss. Assuming the ringing is fully damped at the end of each pulse, the dissipated

energy during the ringing period can be calculated in the same way as [58] and expressed as
1
Ering (VS) :VS {er_rec +EQoss_rec (VS)} (3'20)

where Qp, e is the reverse recovery charge, Qs rec 1S the output capacitance charge of

rectifier, and Vs is the transformer secondary-side voltage transition. In real designs, the parasitic
capacitance of the PCB and transformer winding will also contribute to the output capacitance of
the rectifier. For a 380V output design, a bridge diode rectifier with four SiC diodes is employed.
Therefore, the portion of the ringing loss due to the reverse recovery can be neglected. Then the

total charge of the rectifier is

Qoss_ rec_380V — 2Qoss_diode . (3-21)
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For the 54 V output design as shown in Fig. 3-8, two transformers are employed. The
primary sides of the two transformers are connected in parallel while the secondary sides of the
two transformers are connected in series at the output. Each transformer consists of four sets of
primary windings connected in series with a total of 32 turns. The secondary side of each
transformer contains two sets of center-tapped SR and their outputs are connected in parallel on
the dc side. Each set of center-tapped SR includes six synchronous MOSFETS in parallel on each
side to reduce the conduction loss. Each center-tapped winding has two turns on each side and is
constructed with single turn stamped copper in an interleaved structure. The overall equivalent
turns ratio n with considering both transformers is 4:32. The blocking voltage of each SR
MOSFET is Vs = nVp.

An adaptive turn-OFF delay time is applied to the SR MOSFET to minimize the body diode
conduction time such that the portion of ringing loss due to the revers recovery can be neglected
[59, 60]. The turn-ON and turn-OFF switching losses on synchronous MOSFETS are negligible
since they are turned ON and turned OFF at zero voltage. Therefore, only the ringing loss due to
the output capacitance of synchronous MOSFETS needs to be considered as the switching loss on
the secondary side. The total charge of the rectifier is calculated by the following equation

Qoss _rec_54v — 4Qpss _rec_set — 4(6Qpss _Syn ) = 24Qqss _Syn- (3-22)

where Ques rec set 1S the total charge of each set of rectifier, Qs sy is the charge of one
synchronous MOSFET.

In six-segment PWM, there are two ringing transitions with full voltage (corresponding to
leading edge transition 1 and 4) and two ringing transitions with low voltage (corresponding to
transition 2 and 5) in each switching cycle. For leading edge transitions of 1 and 4, the transition
voltage Vieaq(6) is equal to nvag(#) during sector 1(a) and nvac(#) during sector I(b). It should be
noted that there is no ringing happening at the trailing edge transitions 3 and 6. The ringing loss

of the leading edge transition is

1 1
Ering _lead 0)= E Viead (Q)Qoss _rec (Vlead (0)) = Evlead ? (Q)Coss _rec* (3'23)
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Fig. 3-8 Proposed transformer circuit diagram for 54 VV PSU.

It should be noted that Cys (o Should be charge equivalent total capacitance in order to

calculate the losses accurately. Then the averaged ringing loss of the leading edge during one

sector can be derived as

T

61 1 6
Ering _lead _avg ~ .f Evleadz(e)coss_recd (‘9) = ECoss_rec I (nVAB (9))2d (‘9) : (3'24)
0 0
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For two transitions of 2 and 5, Vs is equal nvcg(6) during sector | (a). The ringing loss can be
approximated as one fifth of that of leading edge since Vs is very small. The total ringing losses

for six-segment PWM is
Pow _rec_six_seg = (ZEring _lead _avg +Y/5Ering _lead _avg ) fow - (3-25)

For eight-segment PWM, two ringing transitions are with nvag(#) and the other two are with
nvac(#) during sector 1. The total ringing losses for eight-segment PWM can be derived as

6 6
IDSW_rec_eight_seg :Coss_rec_54 [ (nvac (9))2d(0)+ [ (nVAB(e))Zd(e) fow- (3-26)
0 0

It is important to note that for loss analyses and efficiency comparisons in the following
sections, the secondary side devices are selected 3 to 4 times of their rated voltage. Since if not
snubbed or clamped, the initial voltage spike across the rectifiers can be several times larger than
the steady-state voltage, and therefore has to be removed or the devices with higher voltage

rating should be selected.

3.24 Loss Breakdown and Efficiency Comparisons for “Type A” and
Improved “Type E” on SiC-Based 380 V Prototype

Loss analysis is conducted on a 380 V prototype based on parameters given in Table 3-2.
Losses of two PWM schemes are compared at different load conditions 1 kW, 2.5 kW and 5 kW.
The load range to achieve ZVS is designed from 40% to 100% for both “Type A” and improved
“Type E” PWM. As shown in Fig. 3-9 (a) and (b), the major losses are contributed by conduction
loss on the primary bidirectional switches and secondary diode rectifier. The primary conduction
loss for improved “Type E” is larger than “Type A”, since the improved “Type E” has larger
duty-cycle loss compared with “Type A”, which results in higher turns ratio (N»/N;) and primary
current. As shown in Fig. 3-9 (a) and (b) improved “Type E” has zero turn-ON loss and “Type
A” PWM has small turn-ON loss due to two non-ZVS switches. As shown in Fig. 3-9 (c), both
PWM schemes cannot achieve full ZVS for leading edge at 20% load which results in higher
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turn-ON loss. This is more severe for improved “Type E” since more numbers of turn-ON events
contributing to turn-ON switching losses. For all load conditions, improved “Type E” exhibits

higher turn-OFF switching loss compared with “Type A” PWM.

It is important to note that “Type A” exhibits higher core loss but lower winding loss on
transformer compared with improved “Type E” PWM scheme, which compromises to have
similar total transformer loss. As shown in Fig. 3-10, the efficiency curve with “Type A” is
higher than improved “Type E” for all load conditions, especially at light load. It should be noted
that the measured efficiency is lower than the calculated results. The difference is more
noticeable at light load efficiency. This is mainly due to the additional parasitic capacitances
contributed by the PCB layout and transformer winding, which were not considered in the
calculation for turn-ON and turn-OFF switching losses. Fig. 3-11 shows the measured efficiency
comparison for proposed PSU (isolated buck matrix-type rectifier) with implementation of either
“Type A” or improved “Type E” and the best existing 380 V PSU in today's market. As shown
in Fig. 3-11, the proposed PUS with implementation of either “Type A” or improved “Type E”

exhibits significantly higher efficiency compared with benchmark.

Table 3-2 Experimental prototype parameters for 380 V output.

Prototype Value
Parameter
Cf 5 HF
ViLrms 480 V
forid 60 Hz
C, 1.4 mF
Lo 315 uH
Vo 380 V
Lik_six_seg 10 uH
Lik_eight_seg 20 pH
S11-Sx SCT3080KL (SiC MOSFET Prototype)
IKW25N120T2 (Si IGBT Prototype)
D;- Dy SCS215KG
Nsix_seg = N2/N; 30/33
Neight Seq = Nz/Nl 26/27
TR Ferrite core (ZT47313TC)
(core and winding) Primary Litz wire (equivalent AWG 16)
Secondary Litz wire (equivalent AWG 16)
fTR_Six_Seg 50 kHz
fTR_eight_Seg 100 kHz
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Fig. 3-10 Experimental (solid-line) and calculated (dash-line) efficiency comparison on “Type A” and improved
“Type E” PWM schemes conducted on SiC MOSFET-based 380 V prototype.
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Fig. 3-11 Experimental efficiency comparison between proposed PSU with implementation of “Type A” and
improved “Type E” PWM schemes and benchmark (Vienna rectifier + LLC).
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3.2.5 Comparative Efficiency and Power Density Evaluation of Si IGBT-
Based and SiIC MOSFET-Based 380 V Prototypes
This section evaluates the efficiency and power density of SiC MOSFET-based prototype

with respect to Si IGBT-based prototype. Fig. 3-12 (a) shows two 5 kW prototypes of three-
phase isolated buck matrix-type rectifier with 380 V output.

SiC MOSFET& Heatsink
1 b |

SN
3%\-\3\"/’///;7//

— ’

Si IGBT & Heatsink

@)

23 kHz Transformer
for IGBT Prototype

a 50 kHz Transformer e
for SiC MOSFET Prototype
- >ey <

(b)
Fig. 3-12 Power denisty comparison on Si IGBT-based and SiC MOSFET-based 380 V: (a) prototypes and (b)
transformers.
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The SiC MOSFET-based prototype operates at 50 kHz while the Si IGBT-based prototype
operates at 23 kHz. An Si IGBT showing a good compromise between switching energies and
forward voltage was selected as the more appropriate alternative for the comparison against the
SiC MOSFET presented here. The toroidal core is opted to satisfy the transformer design
requirement, because the toroidal core provides the most desirable voltage isolation level
compared with other core shapes. Ferrite toroid also offers high magnetic efficiency as the cross-
sectional area is uniform and does not need a bobbin, which also results in a compact design of
the transformer. Fig. 3-11 (b) shows the picture of transformers for both prototypes. Due to the
lower switching frequency, transformer of Si IGBT-based prototype is built with two core stacked

together. Both prototypes operate under ZVS condition (no turn-ON loss) up to 40% load.

The loss breakdown and efficiency comparison for SiC MOSFET-based and Si IGBT-based
prototype are provided in Fig. 3-13 and Fig. 3-14 respectively. The overall efficiency of the Si
IGBT-based prototype is dramatically lower compared with the SiIC MOSFET-based counterpart.
The efficiency of the Si IGBT-based prototype drops significantly with the increased switching
frequency as shown in Fig. 3-14. The main reason for the clear superiority of SiC MOSFETS in
the application is their ohmic output characteristics and the absence of stored charge in the
conducting device. The former allows considerably lower conduction losses in part-load
operation than in-built forward voltage drop of bipolar IGBTs as shown in the loss breakdown of
Fig. 3-13. The latter enables very low switching losses, whereas the tail current effect due to the

internally stored charge causes large turn-OFF loss with Si IGBTS.

In the data center and telecom applications, there are quite high cost pressure and a very
competitive market. Si IGBTs offer much lower unit price than SiC MOSFET. However, the
higher semiconductor losses and thus lower permissible switching frequencies of Si IGBT-based
prototype entail a larger and more expensive cooling system, PCB and passives, which largely
compensate the cost advantage of Si IGBTs. This finally results in similar total cost of the two
prototypes. The power density of Si IGBT prototype is 37.8 W/in®. In SiC MOSFET-based
prototype, the three-phase isolated buck matrix-type rectifier operates more than twice the

switching frequency of Si IGBT-based prototype.
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Fig. 3-14 Experimental (solid-line) and calculated (dash-line) efficiency comparison on SiC MOSFET-based and Si
IGBT-based 380 Vprototype.

Hence, more than twice the power density of Si IGBT (> 76 W/in®) can be expected. It is also
worth mentioning that, the higher switching frequency also leads to a better performance such as
THD and transient responses due to the higher achievable control bandwidth, etc. It is also
important to note that by replacing the output bridge diode rectifier with 30 mQ SiC MOSFET,
the efficiency will gain 0.68% and by replacing the primary bidirectional SiC MOSFETs with
lower Rps on (30 mQ), the efficiency will gain additional 0.45% which results in an overall
efficiency > 98.5%. In addition, by placing the output capacitors outside of the PSU, the overall
power density is expected to exceed 100 W/in® which is much higher than benchmark 380 V
PSU.

3.2.6 Analysis of Loss Breakdown and Efficiency for SiC MOSFET-Based 54
V Prototype

Loss analysis is conducted on SiC MOSFET-based 54 V prototype based on parameters
given in Table 3-3. Transformer core loss and winding loss calculation is based on the

transformer structure shown in Fig. 3-8.
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Table 3-3 Experimental prototype parameters for 54 V output.

Prototype Parameter Value
Cf 5 ].LF
ViLrms 480 V
forid 60 Hz
Co 1.5 mF
L, 315 uH
V, 54 V
Lik six seq 10 pH
Si1-Sg SCT3080KL (SiC1 Prototype)
C2M0025120D (SiC2 Prototype)
SR MOSFET BSC093N15NS5
n= N2/Nl 2/32
2 X TReore Ferrite 3C96 (PQ50)
Primary Litz Wire
(Rubadue # TXXL230/44F3XX-2)
Secondary Stamped Copper (8 Ounce)
frr 50 kHz
Microcontroller TMS320F28075

It should be noted that design of high efficiency and high power density transformer for 54 V
output is relatively more challenge compared with 380 V transformer due to the significantly
higher current on the secondary side of the transformer. As discussed in Chapter 1, 1U (40 mm)
height PSU is popular for data center and telecom applications. In order to design a transformer
with 1U height limitation, the proposed transformer structure shown in Fig. 3-8 and Fig. 3-15 is
adopted. Single-turn stamped copper windings are used on the secondary side of the transformer
to carry high output current. Triple insulated Litz wire is used for primary windings to minimize
the skin depth effect and meet the safety requirement for insulation. It should be noted that the
primary windings can also be realized with PCB. The interleaved structure shown in Fig. 3-15 (a)
can effectively reduce the magnetic-field-intensity such that the eddy current loss on the winding
can be reduced. The center-tapped windings St and Sg are closely attached with thin captain tape
in between for insulation to minimize the leakage inductance between them such that the voltage
spike on the SR MOSFETSs can be reduced. However, as shown from magnetomotive force
(MMF) in Fig. 3-16 (a), there is a passive layer loss for winding St when Sg is active due to

proximity effect since the AC magnetic field at St is not zero.

84



Stamped
Copper

SR Board

(a)
Synchronous Rectifier Board
| i e Fy e, e T
> |
| A AC
-\ fl’ ermination |
| bt
C |
Bus bars o6 T -/— T Qux6 Bus bars
. s
1 i _ __Busbars it HH i |
Vo_RTN { A b Vo, RTN
Qrx6 == == Qex6
(b)

Fig. 3-15 High-density transformer structure for the 54 V application: (a) integrated with synchronous rectification
(SR) board and (b) connection of secondary stamped copper windings to SR board.

Therefore, the thickness of the stamped copper needs to be properly selected as a
compromise between AC losses and DC losses. Since the switching frequency is only 50 kHz,
the thickness of 12 mil (8 ounce copper) can be a good choice. However, the associated loss of
the passive layer can be easily eliminated by rearranging the interleaving structure of transformer
winding similar as interleaved configuration reported in [61].
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Fig. 3-16 Interleaved transformer structure (a) Magnetomotive Force (MMF) (b) with Inter-winding capacitance and
terminations (red circle is ac termination, blue circle is dc termination).

It is worth mentioning that the increased inter-winding capacitance due to interleave will
have an advert effect on the common mode noise rejection since the inter-winding capacitances
provide the feedthrough path for the common mode noise from the primary side to secondary
side of the transformer as shown in Fig. 3-16 (b). The stamped copper windings are terminated
on a vertical synchronous rectification (SR) board to minimize the distance of current path
between secondary windings and SR MOSFETSs as shown in Fig. 3-15. Besides the winding
losses, the termination loss is also an important factor impacting the efficiency, due to high
currents passing through them. Especially the high frequency AC current (red arrow) tends to
pass the surface of the terminals due to the proximity effect and skin effect such that high
conduction losses and hot spots are generated. Therefore, it is important to minimize the AC
current loop in order to reduce the termination losses. As shown in Fig. 3-8, the secondary side
of the transformer contains two sets of center-tapped rectifiers. Each set of center-tapped rectifier
uses six SR MOSFETs (Qrx6) for top side and another six SR MOSFETs (Qgx6) for bottom

side.
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Fig. 3-17 Power density comparison of proposed PSU (isolated buck matrix-type rectifier) and direct three-phase
PSU (Vienna rectifer + LLC) for 54 V output application.

The outputs of the two sets of rectifier are connected in parallel through copper bus bars.
Using two sets of rectifier and paralleling them on the DC side can help reduce the termination
loss compared with paralleling the winding directly on the AC terminals. It should be noted that
half of the SR FETS is located on the synchronous rectification board as shown in Fig. 3-16 and
the other half is located on the bottom of the main PCB due to the limited space as shown in
bottom view of the PCB in Fig. 3-17.
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It should be noted that it is difficult to calculate the AC termination and passive layer losses
without simulation tool. Simulation using finite element analysis software such as

ANSYS/Maxwell is required to accurately calculate the termination and passive layer losses.

Fig. 3-17 shows a 5 kW SiC MOSFET-based prototype of three-phase isolated buck matrix-
type rectifier with 54 V output voltage. The 54 V prototype has an overall power density of 70.5
W/in® which is higher than any best existing PSU in the market. In today's market, the direct
three-phase (Vienna rectifier + LLC) PUS has 26 W/in® and single-phase (bridgeless PFC +
three-phase interleaved LLC) PSU has 56 W/in®. The proposed prototype is evaluated at 50 kHz
for two different SiC MOSFET devices. SiC1 has Rps on =110 m€2 and SiC2 has Rps_on = 35 mQ.

The total loss breakdown at 100%, 50% and 20% load current is shown in Fig. 3-18. At 100%
and 50% load, the SiC1 has significantly larger conduction loss compared with SiC2 since the
Ros_on Of SIC1 is three times larger than SiC2. However, SiC2 has larger turn-ON and turn-OFF
switching losses compared with SiC1 since SiC2 has larger Eqss and Eq. The turn-ON loss is very
small at 100% and 50% load since the converter operates under ZVS condition and the small
turn-ON loss is only contributed by two non-ZVS switches which is inherent in “Type A” PWM

scheme.

As shown in Fig. 3-19, SiC2 exhibits higher efficiency compared with SiC1 for load current
above 40% when the condition of ZVS is met. SiC1 and SiC2 have peak efficiencies of 97.9%
and 98.3% respectively at 50% load. In addition, SiC2 maintains efficiency higher than 98% for
all load above 40% due to significantly lower conduction loss compared with SiC1. It should be
noted that the measured efficiency is noticeably lower than the calculated results at light load
which is mainly due to the uncounted parasitic capacitances. Similarly at heavy load, this is
mainly caused by the transformer AC termination and passive layer losses which were not

considered in the transformer loss calculation.

Fig. 3-20 shows the efficiency comparison for 54 V application with proposed PSU and the
benchmark. For all load conditions, the proposed PSU exhibits higher efficiency than the direct
three-phase (Vienna rectifier + LLC) and single-phase (bridgeless PFC + three-phase interleaved
LLC) PSUs.
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Fig. 3-18 Loss breakdown comparison on 110 mQ (left bar SiC1) and 35 mQ (right bar SiC2) SiC MOSFET-based

prototype with V, = 54 V and v = 480 V: (a) Loss at 5 kW (100% load), (b) Loss at 2.5 kW (50% load) and (c)
Loss at 1 kW (20% load).
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3.3 Conclusions

An improved eight-segment PWM scheme (improved “Type E”) for the three-phase isolated
buck matrix-type rectifier is proposed which overcomes a major drawback of a large output
inductor current ripple with traditional eight-segment PWM scheme (“Type E”). With the
reduction of output inductor current ripple, a smaller output inductor size can be realized. In
addition, two-step commutation method with ZVS turn-ON is applied in improved “Type E” to
eliminate the two non-ZVS switching actions associated with “Type E”. This improves the light
load efficiency when the rectifier operates at very high frequency. The loss breakdown and
efficiency curves are provided for 54 V and 380 V prototypes. First, two PWM schemes “Type A”
and improved “Type E” are compared for loss breakdown and efficiency on SiC MOSFET-based
380 V prototype. The efficiency comparison reveals that “Type A” exhibits higher efficiency
especially at light load with a nearly 2% efficiency boost. Then the efficiency curve and loss
breakdown comparison are provided for both SiC MOSFET-based and Si IGBT-based 380 V
prototypes. From the efficiency comparisons, SiC MOSFET-based prototype exhibits a
significantly higher efficiency than Si IGBT-based prototype.
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Chapter 4
One Phase Loss Operation of Isolated Buck

Matrix-Type Rectifier

One phase loss can be defined as one phase opened or one phase shorted. For the case of one
phase opened, one of the phase inputs of the converter is disconnected from the main due to the
tripping of the fuse. For the case of one phase shorted, one of the phase inputs of the converter is
connected to the neutral of the main as could be caused by an earth fault. The fuse of that faulty
phase is tripped as well to isolate the fault from main. In both cases, the fault phase is not able to
deliver the power and the output of the converter will lose regulation. The main focus of this
chapter is on developing a viable strategy to maintain proper operation of the rectifier during one
phase loss condition as well as to provide smooth transitions between the faulty and normal
modes. Since it is a big challenge for the single-stage isolated buck matrix-type rectifier to
maintain proper output voltage under this faulty mode and guarantee safe operation during the
transitions, it is this studies’ aim to provide an applied solution to these issues which have never
been studied in the literature for this particular topology. A desired modulation scheme to
maximize the available rectifier output voltage for phase loss operation is proposed which is
based on the extension of ZVS FB-PS DC-DC converter. With the proposed PWM scheme, the
maximum available voltage gain for one phase loss operation can be achieved. This permits the
continuous operation of the rectifier to deliver two-third of rated power and to regulate the output

voltage with maximum output voltage drop less than 5% of nominal output voltage.

92



— — Va ~ — V S— ——
W >
V¢
VB ~

T O ngnhnh
J

V, lVICAl\ﬁ] |V'Bc|>r V'agl lV'CAlﬁ‘ Vacl >I\/ V'] ﬁA

[ A =

(b)
Fig. 4-1 Voltage waveforms correspond to circuit in Fig. 2-1: (a) three-phase operation (normal operation)
and (b) when “phase C” is lost (one phase loss operation).

In addition, with the proposed commutation method, a safe transition from one phase loss
operation to normal operation and vice versa can occur with minimum commutation steps (two-
step) under zero voltage switching (ZVS) condition. The performance including output voltage
regulation, input currents THD and dynamic switching behavior of the proposed PWM scheme
and commutation schemes during one phase loss operation is evaluated and verified by

simulations and experiments on 380 V prototype at 5 kW rated power.
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4.1 Analysis of Rectifier during One Phase Loss Operation and

Principle of Operation

The six-segment and eight-segment PWM schemes which are realized for three-phase isolated
buck matrix-type rectifier operation cannot be directly applied for one phase loss operation since
with them the output voltage drop and required output inductor current for sustaining two-third
rated power is noticeably large. This will be mathematically analyzed in this section. The
operation principle of the three-phase isolated buck matrix rectifier during normal operation
when all the three phases are empowered in the converter is discussed in Chapter 2. As
mentioned in there, the three-phase converter can be redrawn as “bridge X and “bridge y” in
each sector. Fig. 4-2 (a) shows the equivalent circuit of the converter in sector | which is
identical to operation of FB-PS DC-DC converter.

The circuit principal waveforms within one complete gird side cycle with excessively
increased switching period of PWM can be observed in Fig. 4-1 (a). Due to the alternative
operation of “bridge x”” and “bridge y”, there are always two of the three line voltages involved to
generate the pulses in each switching cycle. For example in sector one, “bridge X” generates the
pulses with the magnitude of vag and “bridge y” generates the pulses with the magnitude of Vac.
Therefore, the output voltage is synthesized by two of the line to line voltage as shown in the
secondary side rectifier output voltage V4. Modulation index m, is used to adjust the output
voltage Vo,. When one phase is lost (for example; “phase C” is lost for all the analysis in this
dissertation), the switches related to this phase needs to stop gating since no power can be
delivered from this bridge as shown in Fig. 4-2 (b). Besides, for the safe operation of the
converter as this will be further discussed in this chapter. In this case, line to line voltage vsc and
vca Will not exist and the only available input voltage is vag. As shown in Fig. 4-1 (b), only the
pulses associated with vag exist. Seemingly, it is difficult to regulate the output voltage even with
m, equal to unity since the maximum available duty cycle of the pulses with vag is limited by the
PWM scheme for the normal operation. This problem is mathematically described in the

following section.
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Fig. 4-2 Three-phase rectifier redrawn as: (a) two FB-PS DC-DC converters when the three phases are connected

and (b) a single FB-PS converter during one phase loss (“phase C”).

4.1.1 Analysis of One Phase Loss Operation with Three-Phase PWM Scheme

Due to the rectification on the secondary side, the magnitude of the pulses of Vjy is the absolute
value of vag and vac with respect to the secondary side of transformer. Since the rectifier
behavior of our interest in this analysis is slow dynamic compared with switching behavior, the
average model of Vy is used instead to simplify the analysis by neglecting the switching events of

Vg. Therefore, the average voltage of Vg in each switching cycle can be expresses as

T4 (6) = Va5 (0)| D, (6) +|vac'(0) Dy (6) (3-4)

where ‘VAB’(H)‘ and ‘VAC'(Q)‘ are the absolute value of vag and vac with respect to the
transformer secondary side; D,(6) and D (6) are the duty-cycle of ‘VAB'(G)‘ and ‘VAC'(G)‘

respectively. ‘VAB'(G)‘ and ‘VAC'(G)‘ can be expressed as
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‘VAB'(H)‘ =3V,

sin(¢9+2§)‘
(3-5)

‘VAC'(e)‘ —n3V, sin(¢9+%)‘

With the conventional space vector modulation scheme presented in Chapter 2, D,(6) and
D, () can be expressed as
D, (0) =m, sin(% - 0)

(3-6)
. T
Dy (0)=m, sm(g +0)

where m, is the modulation index and in the range of 0 <m, < 1.

At steady-state, when converter is under regulation, V,(6) is equal to output voltage V.

During one phase loss operation (“phase C” lost), vac does not involve in the operation of the

rectifier and Vg4 contains pulses associated with vag only. The equation (4-1) should be revised as

T4 (6) =|Vag ()] D(6) = v (0)

m, sin(% - 0). (4-4)

Based on the conventional SVM, either D,(6) or D, (0) is selected for the duty-cycle of Vq
as shown in Fig. 4-3 (d). In sector Il and V, D,(#) and D, (&) are zero since “phase C” is lost

and the line voltages with “phase C” cannot be used. With the conventional space vector

modulation scheme Vy (6) reaches to maximum at m, = 1. By substituting ‘VAB'(Q)‘ with (4-2)

and m, with 1 into (4-4), after elementary trigonometric transformations, the maximum available

V4 (6) is derived as

NG

. o (0) =i~ Zsin(20) (4-5)

96



The resultant Vy ¢ (6) from (4-5) is shown in Fig. 4-3 (c). During the interval Ton when
Va_max (6) is higher than V,, the rectifier regulates Vo back to the set point. During the interval
Tort When Vy ax (0) is lower than V,, the rectifier output is reverse blocked and V, drops since V,
is only sustained by the output capacitors. In sector Il and V, Vy 4, (6) is zero since the
rectifier stops switching due to very low magnitude of ‘VAB'(H)‘- The voltage drop AV, is the

function of T, output capacitance C,, and load current I, and can be derived as:

AV, = . (4-6)

As shown in Fig. 4-3 (c), Te is the distance between the two adjacent crossing points when

Va _max (€) is lower than V,. Assuming that the ripple voltage AV, is relatively small compared

with Vo, the location of these two adjacent crossing points can be found by equaling Vy max (6)

with V,. Since the output voltage can be expressed as V, :%anmaduring normal operation, the

angle @ at the crossing point can be estimated by
Gzésin‘l 73—J§ma). (4-7)

It should be noted that there are two solutions from (4-7), and the one within the range of

_Ie 0 <% will be used for the calculation below. Then, the Tq can be expressed as

1. V3

- (0+2—7[) —sm‘l(\/3ma ——3) +Z
T. — 3°_2 2" 3
off

(4-8)
T fgrid T fgrid

where fgriq is the grid frequency. Finally, the voltage drop AV, canbe derived by substituting T
with (4-8) into (4-6):
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AV, =

Due to the limited duty-cycle of normal PWM scheme as shown in Fig. 4-3 (c), Vag Cannot be

fully utilized to regulate the output voltage, causing large output voltage drop.

\Y \Y VI I 11 Il \Y
Va I I
D)
V Vi \
c
R
VB
| — ~— Y __— —~— |
-150 -90 -30 30 90 150
0 =owt
(a)
1 N 1 ™
e NS AV, e N
::::'_"é' RS =S = S = ey gt I AN *: /
}
[Vag'(0)] _
Vyg Vdfmax(a)
A
< Ton e Teg — >
1/2 fgrid >
(b)
N AV, ] r
I 1 :________::}: 4 Wl
' Vd
[Vag'(6) |
vd_max(e)
|| ||
< T Tt — >
< 1/2 fgrid >
(c)
0.866m, | Dv(O) ., D«(0)
N
t { 0.5m,
i 2
(d)

Fig. 4-3 One phase loss operation of three-phase buck matrix rectifer: (a) three-phase grid voltages with “phase C”
is shorted, (b) with desired fault PWM for one phase loss operation converter, (c) with normal PWM applied to one
phase loss operaion and (d) the duty-cyle corresponding to Vy in Fig. 2(c).
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Therefore, applying a different PWM scheme from normal PWM scheme to regulate the
output voltage of the rectifier during one phase loss is indispensable. Since the equivalent circuit
with “Phase C” lost is exactly the same as a conventional FB-PS DC-DC converter. The same
PWM scheme for FB-PS DC-DC converter can be directly applied in the rectifier during one
phase loss operation as shown in Fig. 4-3 (b). The output voltage V, is regulated by directly

adjusting the duty-cycle of Vy. Therefore, the average voltage of V4 can be expresses as
74 (6) = |va5' ()| D) (4-10)

where D(8) is the duty-cycle of Vg4 in the range of 0 < D(8) < 1 . Then V4(6) reaches to

maximum at D(#) =1. Neglecting the duty cycle loss, the maximum v (6) can be expressed as
T max(0) = Vg (0) @11)
In this case, the maximum available voltage Vy . () has the same magnitude as ‘VAB'(H)‘

which is much higher than that with normal PWM schemes as shown in Fig. 4-3 (c). The
resultant voltage drop can be significantly reduced due to shorter interval of T This will be
further analyzed in the next section.

4.1.2 Principle Operation of Rectifier with Desireable PWM Scheme for One
Phase Loss Operation

The circuit principal waveforms within one gird side cycle with desirable PWM when phase
voltage v, is shorted can be observed in Fig. 4-4, where vp is the transformer primary voltage, V4
is the transformer secondary rectified voltage, I, is the output inductor current and i, iy , ic are

grid side currents. Since vag, the input voltage of “bridge x”, is slow varying, the duty-cycle of

the transformer voltage vp or V4 needs to be adjusted accordingly in order to regulate the output

voltage. When the magnitude of ‘VAB'(H)‘ is lower than V, as shown in Fig. 4-4 (c), the duty-cycle

of V4 reaches to maximum and V, starts losing regulation. In this case, the rectifier should stop

gating to reduce the switching losses and other associated losses. It is important to note that, a
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large output ripple may be generated since the output voltage is only sustained by the output
capacitors during the interval of Ty Assuming the duty cycle loss of the buck converter is very
small and can be neglected, in Fig. 4-4 Ty is the distance between the two adjacent crossing

points when |v'sg| is lower than V,. It is also assumed T, = T, since the ripple voltage 47 is
relatively small comparing with V,. The location of these two adjacent crossing points can be
found by equaling |v'sg| and V,. Then, the Tor can be estimated by
3
sin‘l(\/z_ m,)
Toff =————— (4-12)
4 fgrid
where fyrig is the grid frequency.

By combining (4-6) and (4-12), the ripple voltage AV, is described as

|osin‘l(%ma)

AV, = 2 . (4-13)
Com fgrid

When one phase is lost, the output power is reduced to two-third of rated power in order to
limit the RMS value of phase currents i5pc. One of the criteria of selecting capacitance of C, is
that the resultant maximum output voltage drop AV, should be smaller than the difference
between the set point of output voltage and the set point of the battery voltage to avoid the
battery engagement during one phase loss operation. For example, if the rectifier output voltage
set point is 380 V and the battery voltage set point is 360 V, the maximum of AV, should be
smaller than 20 V. A reasonable value of 2 mF for the output capacitance is selected as a
compromise between the output voltage ripple and power density of the converter. Current stress
is another important consideration when the rectifier operates during one phase loss. As shown in
Fig. 4-4 (d), the output inductor current ramps up fast and reaches to the maximum value of l¢jamp
due to the fast response of the current control loop and large voltage error at the beginning of Top.

lclamp 1S the upper clamping value for the current control loop.
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Fig. 4-4 Rectfier operation with “phase C” is shorted.

During the interval of Tcng, the output capacitor is charged by the current of (Igjamp - lo), and
the output voltage rises up until it reaches to the set point (380 V). During the interval when the
output voltage is regulated at the set point, the inductor current equal to the load current and no

charging and discharging currents go through the output capacitor (neglecting the inductor
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current switching ripple). Since the output capacitor is discharged by I, during T and based on
the current-second balance of the output capacitor, the relationship between lciamp and I, can be

derived as
(Iclamp - Io)Tchg = IoToff . (4-14)

Since the output capacitor voltage has to be charged to the set point within the time interval

of Ton in order to maintain regulation, the charging time has to meet T,y <Tg, . Then the

minimum value of l¢jamp is derived at Tchg =T, as shown in (4-15)

Io(Toff +Ton) _ Ingrid

| L= 4-15
clamp _min Ton Tgrid _Toff ( )

where Tig =1/2 4 is the half-cycle of the grid duration.
Considering the maximum load current of one phase loss operation I, =2/31 .4 and

substituting Tt with (4-12) and Tgrig With 1/2fyiq into (4-15), leiamp_min Can be described as

2

g I rated

clamp_min = 2 Jg

1-Zsin7i(—
”sm ( 5

| (4-16)

ma)

Lowering lgamp Can reduce the current stress of the converter during one phase loss operation
and the output inductor can be designed with smaller size and lower cost. However, lciamp Should
be higher than Igamp min in order to deliver 2/3P, max during one phase loss operation. Fig. 4-5
shows the curve of voltage drop AV, vs C, for one phase loss operation with three-phase
(normal) PWM schemes studied in Chapter 2 and with proposed PWM for one phase loss
operation at different m,. It can be concluded that the required output capacitance with the
proposed PWM can be much lower than that with normal PWM scheme to meet the same
voltage drop. It also shows that higher m, results in larger voltage drop. It should be noted that

m, here refers to the modulation index of normal operation prior to the fault.
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current stress can be remarkably smaller to regulate the output voltage during one phase loss operation.

The minimum required inductor current lgiamp_minspn_pwim 10 regulate the output voltage with
normal (three-phase) PWM scheme is given by

I ] _ 21 rated
clamp _min,3Ph_PWM —

. 4-17)
3 3
1-sin"(v/3m, —£)
V4 2
The minimum required inductor current to regulate the output voltage with normal PWM
scheme and desired (FB-PS) PWM scheme for one phase loss operation are compared at

103



different m, as shown in Fig. 4-6. With the desired PWM scheme for one phase loss operation,
the current stress can be remarkably smaller to regulate the output voltage during one phase loss

operation.

4.2 PWM Scheme for One Phase Loss Operation

Within every 180° interval the three-phase rectifier is operated as a ZVS FB-PS DC-DC
converter as shown in Fig. 4-7. To achieve ZVS, the two legs of the bridge are operated with a
phase shift. During every 180° interval, eight out of twelve switches are involved and the
switches connected to the leg with phase loss are not involved. All the switches of the converter
are turned ON under ZV'S condition. Among these eight switches, four switches operate as active
switches with hard-switching turn-OFF and the other four switches operate as synchronous
rectification switches can be kept on all the time since their body diodes are forward biased. For

example, during the 180° interval where the voltage potential v, is higher than vg (v, >Vvg) , the

switches Si4, S1, S13 and Sy of bridge are synchronous rectification switches and can be kept on
all the time. The rest four switches (S11, Sz, S23, S16) Operate in a same manner of ZVS FB-PS
converter. Similarly, during the other 180° interval where the voltage potential vg is higher than
Va (Vg >V, ), the switches Sys, Si6, S11 and Sy4 are synchronous rectification switches and can be
kept on all the time. The rest four switches (Sz1, Si4, S13, Sz6) Operate in a same manner of ZVS
FB-PS converter. The corresponding switch gate signals during one switching period Ts is shown
in Fig. 4-8. It is important to be noted that there are two possible switching patterns in each 180°
interval. For example, during the 180° interval withv, >vg, there are two type of switching
patterns as shown in Fig. 4-8 (a) and (c) respectively. In each switching cycle, there are two
bypassing intervals where switches of either phase “leg A” or phase “leg B” are used for
bypassing (vp = 0). As shown in Fig. 4-8 (a), switches (Sis, S23) of phase “leg B” are used for
bypassing in the first bypassing interval and switches (S11, Sz4) of phase “leg A” are used in the
second bypassing interval.
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Fig. 4-7 Equivelant circuit for “Phase C” lost when (&) v4 > v in sector VI and | (b) va < vg in sector Il and 1V.

While in switching pattern of Fig. 4-8 (c), switches (Si1, Sp4) Of phase “leg A” are used for
bypassing in the first bypassing interval and switches (Sis Sz3) of phase “leg B” are used in the
second bypassing interval. Identical voltage on the transformer primary side can be generated by
these two switching patterns. However, the switching pattern needs to be properly selected in
each sector to enable a smooth transition from one phase loss operation to normal operation (the
lost phase recovered). In order to facilitate a smooth transition from one phase loss operation to
normal operation, the switching state during the second bypassing interval at the end of each
switching cycle must be the same as the bypassing switching state for normal operation. For
normal operation, the switches of the phase leg whose voltage has the highest magnitude are

used for the two bypassing (zero vector) intervals in each switching cycle.

Both normal operation and one phase loss operation must use the same phase leg for
bypassing at the end of the switching cycle. For example, in sector | and sector IV, phase voltage
Va has the highest magnitude and the switches of phase “leg A” are used for bypassing at end of
the switching cycle as shown in Fig. 4-8 (a) and Fig. 4-8 (d). Similarly, in sector 11l and VI, the
switches of phase “leg B” are used for bypassing at the end of the switching cycle as shown in
Fig. 4-8 (b) and (c). Detailed analysis of the transition from one phase lost operation to normal

operation will be discussed in next section.
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Fig. 4-8 Rectifier operation during one phase lost in interval of: (a) sector | with phase “leg A” for bypassing time at
the end of the switching cycle, (b) sector I11 with phase “leg B” for bypassing time at the end of the switching cycle,
(c) sector VI with phase “leg B” for bypassing time at the end of the switching cycle, (d) sector IV with phase “leg
A” for bypassing time at the end of the switching cycle.
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4.3 Analysis of Transition and Commutation Scheme for “Type A”
and “Type E”

In this section, analysis of transition and commutation schemes from one phase loss
operation to normal operation and vice versa is studied for two PWM schemes “Type A” and
eight-segment PWM schemes which are implemented for normal operation. It is important to
note that the analysis of transition and commutation scheme from one phase loss operation to
normal operation and vice versa are the same among all the eight-segment PWM schemes

(“Type E” and improved “Type E”).

4.3.1 Analysis of Transition from One Phase Loss to Three-Phase Operation

with “Type A” and Vice Versa

As discussed in Chapter 2, two-step commutation with ZVS can be achieved for the
transition from zero state to active state and vice versa during normal operation. It is important to
note that the corresponding modulation scheme is critical to facilitate this two-step commutation.
Due to the inductive current on the transformer primary side, the continuity of the transformer
primary current has to be ensured during the commutation. Therefore, the adjacent zero state and
active state in the modulation scheme is arranged such that there is a common phase leg is
involved in both active state and the zero state. The same criteria can be used to examine the
transitions from normal operation to one phase lost operation or from one phase lost operation to
normal operation. As shown in Fig. 4-9 (a), in sector I, smooth transition from normal operation
to one phase loss operation (shaded area) can be achieved with two-step commutation since
phase “leg A” is involved in both the zero state prior to the transition and the active state after the
transition. Another case as shown in Fig. 4-9 (b), there is no common phase involved in the both
states. As a result, the converter primary current cannot be switched from “leg B” to “leg A” and
“leg C” directly using two-step commutation, therefore, more commutation steps are required.
One of the solutions is to modify the switching sequence of the first cycle for normal operation,

as shown in Fig. 4-9 (c), to have the active vector with phase “leg B” comes first.
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Then smooth transition with two-step commutation can be achieved. However, the transition
between the two active vectors in the first half cycle of the normal operation is hard switching
and suffers from large diode reverse recovery of MOSFET since the switching pattern becomes
low to high (LTH) as discussed in Chapter 2. This may not be a significant problem since this
transition only happened once, but this solution will increase the complexity of switching scheme
implementation. A better solution, as shown in Fig. 4-9 (d), is to select the switching pattern for
one phase loss operation to have the same phase leg for zero state at the end of switching cycle
as that for zero state in the normal operation. Then the criteria for two-step commutation are

always satisfied.
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Fig. 4-9 Transformer primary side voltage transition in sector | (b) (shaded area represents one phase loss
operation): (a) from normal operation to one phase loss operation, (b) from one phase loss operation to normal
operation using phase “leg B” for bypassing prior to tr, (¢) from one phase loss operation to normal operation using
phase “leg B for bypassing prior to tr, and with modified switching sequenc for first cycle of normal operation
(LTH), (d) from one phase loss to normal operation using phase “leg A” for bypassing prior to ty,.
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Fig. 4-10 The detail transition from one phase loss to normal operation: with the waveforms of transformer primary
side voltage vp and current i» and corresponding switch gate signals (Ts*? is period of 2-phase operation and T,*®
period of 3-phase operation).

To further facilitate the explanation of transition from one phase loss to normal operation, the
commutation steps are demonstrated in Fig. 4-10 and Fig. 4-11 using an example of the
transition from zero state of one phase loss operation (2-phase operation when “phase C” is lost)

to active vector I',, of normal operation (3-phase operation when “phase C” is recovered) in

sector | (b). Fig. 4-10 shows the PWM gate signals and Fig. 4-11 shows the equivalent circuit at
different stages of the transition. At ty, the switching state is the zero state for “phase C” loss
operation where the phase “leg A” is used for by passing (all the switches of phase “leg A” are
ON) and the current ip is circulating through the primary side of transformer as shown in Fig. 4-
11 (a). The voltage across transformer vp is zero and voltage potential at the two terminals of the

transformer vy and v; is equal to va.
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Fig. 4-11 Switching transitions during one phase loss operation to normal operation: (a) at ty, (b) at t,", (c) at t;, (d)
att,, (e) att,”.
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The first step of the two-step commutation is to turn ON switches Sis, Sy and turn OFF
switches Sy, Sys at to”. Then the circulating path for current ip is broken and current ip charges or
discharges the output capacitance of Sys, Sis, Sz and Si2 as shown in Fig. 4-11 (b). As a result,
the voltage v, is going down until, at t;, v, reaches to vc and the body diode D;, of switch Si;,

conducts as shown in Fig. 4-11 (c).

During this commutation step, the switches Sis, Sy, are turned ON at zero voltage switching
(ZVS) condition for synchronous rectification since vc has the lowest potential and their body
diodes are forward biased. Switch Sy is turned OFF at zero current and the turn-OFF of Sy, is
hard switch. The second step of the two-step commutation happens at t,, where Sy, is turned on
under ZVS condition before ip change the direction as shown in Fig. 4-11 (d). When ip ramps up
to the same value as output inductor current with respect to the primary side, the transition from

zero state of one phase loss operation ( “phase C” loss) to active vector T,, of normal operation is
completed. Fig. 4-11 (e) shows the equivalent circuit of active vectorr,, of normal operation.

This is a smooth transition with easy implementation since no extra step is needed compared

with the commutation during normal operation or during one phase loss operation.

4.3.2 Analysis of Transition from One-Phase Loss to Three-Phase Operation
with “Type E” and Vice Versa

In order to facilitate a smooth two-step transition from one phase loss operation to normal
operation with “Type E” implementation, a common phase leg is selected which involved in the
switching state prior to and after the transition. As shown in Fig. 4-12, the phase “leg B” is used
for the bypassing interval at the end of each switching cycle when the “phase C” is lost or

shorted, since the phase “leg B” is the common working leg in sector I, III, IV and VI.

Then the transition from the end of the switching cycle of the one phase loss operation to the
beginning of the switching cycle of the normal operation is a smooth two-step transition. Fig. 4-
13 shows the PWM gate signals and the transition from one phase loss to normal operation in
sector 111 (a). The first step of the two-step commutation is to turn ON switches S;s, Sy, and turn
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OFF switches Sy, Sgs at t,". Then the circulating path for current ip is broken and current ip

charges or discharges the output capacitance of Sy4, S14, Sz and Sio. As a result, the voltage
across S;, starts going down until, at t;, the body diode D;, of switch S, conducts. During this
commutation step, the switches S;s, Sy, are turned ON at zero voltage switching (ZVS) condition
for synchronous rectification since vc has the lowest potential and their body diodes are forward
biased. Switch Sy, is turned OFF at zero current. During the second commutation step, Sy is
turned ON under ZVS condition at t, before ip changes the direction as shown in Fig. 4-13.
When ip ramps up to the same value as output inductor current with respect to the primary side,

this transition completes. This is a smooth transition with easy implementation.
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S14S21 - S11524 >
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S13 S26 - S16 S23 -
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Fig. 4-12 One phase loss operation of rectifier during interval of: (a) sector | and sector VI (v, > vg) with “phase B”
for bypassing time at the end of the switching cycle, (b) sector I11 and sector IV (vg> v,) with “phase B” for
bypassing time at the end of the switching cycle.
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Fig. 4-13 Circuit waveforms: Primary voltage and current and corresponding switch gate signals for the transition
from one phase loss to normal operation (with eight-segment PWM scheme) in sector 111 (a).

4.3.3 Commutation Scheme for One-Phase Loss to Three-Phase Operation
with “Type A”

The commutation state machines with the proposed commutation method from one phase loss
operation (2-phase operation) to normal operation (3-phase operation) and vice versa are shown
in Fig. 4-14. 1t is important to note that Fig. 4-14 illustrates the commutation state machines in
sector I, III, IV and VI except Il and V since the “phase C” is lost (the converter switches stop
gating in sector Il and V). The transition states (in dash-line) are added between main states (in
shaded color) to achieve zero voltage turn-ON and synchronous rectification operation. Two-step
commutation is applied for the normal operation transitions from active vector to zero vector and
from zero vector to active vector, while three-step commutation is required for transitions from

active vector to another active vector.
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Fig. 4-14 Finite commutation state machine from normal operation (3® represents 3-phase operation) to one phase
loss (2@ represents 2-phase operations) and vice versa: two-step commutation realized for one phase loss operation,
for the transition from one phase loss to normal operation and vice versa, for normal operation of zero vector to
active vector and vice versa, three-step commutation realized for active vector to another active vector in normal
operation. (star represents the end of switching cycle of one phase loss operation; Note: the switches in the
rectangular boxes are the syncronous rectification switches for 3® operation and constraits should be applied on
them in the the vicinity of the boundary between part a and part b per Table 2-1.)

In different sectors, as shown in Fig. 4-14, different commutation state machines are applied
to one phase loss operation according to the switching patterns described in Fig. 4-8. Therefore,
two-step commutation is realized for transition from normal operation to one phase lost

operation and vice versa.
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4.3.4 Commutation Scheme for One-Phase Loss to Three-Phase Operation

with Improved “Type E”

The finite commutation state machines between normal operation (with “Type E” PWM
Scheme) and one phase loss operation with the proposed commutation method are shown in Fig.
4-15. The transition states (dash-circle) are added between main states (in shaded color) to
achieve ZVS and synchronous rectification operation. By properly selecting the commutation
state machine for one phase loss operation in different sector, two-step commutation with ZVS
turn-ON is achieved for both transitions from normal operation to one phase loss operation and

vice versa.
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Fig. 4-15 Commutation state machine for normal operation (3®) and one phase loss (2®): two-step commutation
realized for one phase loss operation, normal operation, transition from one phase loss to normal operation and from
normal operation to one phase loss operation. (Note: star represents the end of switching cycle of one phase loss
operation. Note: the switches in the rectangular boxes are the syncronous rectification switches for 3@ operation and
constraits should be applied on them in the the vicinity of the boundary between part a and part b per Table 2-1.)
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Fig. 4-16 Comparison of output voltage drop AV, for case 1) at m, = 0.8 and case 2) at m, = 0.9 with fyiy = 60 Hz.

4.4 Simulation Results

To verify the analysis of one phase loss operation of the rectifier, a simulation model is built
and tested at two-third of rated power. In the simulation, the output voltage drop of the rectifier
and the required upper limit of the average output inductor current for one phase loss operation is
studied for two cases: “case 1” applying three-phase (normal) PWM scheme such as “Type A”
to one phase loss operation and “case 2” with desired PWM scheme proposed for one phase loss
operation. The output storage energy C, = 2 mF is selected based on the analysis provided earlier
in this chapter. As discussed earlier (shown in Fig. 4-5 and Fig. 4-6), the worst case (maximum
voltage drop AV, and current clamp lcamp) for AV, and lgamp happened at the highest m,.
Therefore, my = 0.9 is chosen for “case 2” in the simulation here. However, for “case 17, the
converter cannot regulate the output voltage even with considerably large Igamp When mjy is
greater than 0.8. Therefore, m, = 0.8 is chosen for “case 17 in the simulation. Fig. 4-17 shows the
output voltage drops (AV, 1 and AV, 2) and the output inductor current clamp value (Igiamp2 and

lclamp2) for “case 1”” and “case 2" at fgrig = 60 Hz.
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Fig. 4-17 Simulated waveforms for 2/3Pg max Vi = 480V and m, = 0.75 when “phase C” is shorted at t; and
recovered at t,: (2) input phase voltages, (b) input phase currents, (c) transformer secondary voltage, (d) output of
bridge rectifier, (€) output voltage and battery voltage set point , (f) output inductor current.

The output inductor current clamp, lgamp 1 is significantly large with “case 17, which results
in large current stress on the main components of converter and makes the converter operating in
one phase loss condition not feasible. With the PWM scheme in “case 2” the output voltage drop

is lower and the output inductor current is significantly smaller. The over current ratio (lciamp_2 /
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lrateq) TOr case 2 is less than 1.5 which is normally acceptable in the real design. Fig. 4-17 shows
the operation of one phase loss with proposed PWM for one phase loss at m, = 0.75. The upper
limit of the average output inductor current, lciamp in 0ne phase loss operation is set at 16 A (1.22
Iraed) Which is higher than the minimum required inductor current at m, = 0.75 as described in
(4-16). The simulation result in here verifies the proposed PWM scheme derived for one phase
loss operation and the analysis provided in the above. As shown in Fig. 4-17, the “phase C” is
shorted at t; and recovered at t,. The output voltage during one phase loss operation is above the
battery set point to avoid the battery engagement during one phase lost.

4.4.1 Discussion of Output Voltage Regulation during One Phase Loss

Operation with Different m,
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Fig. 4-18 Comparison of output voltage drop AV, for m, =0.75 and m, = 0.9 with fy;q = 60 Hz.

Simulation result with the proposed PWM in Fig. 4-18 shows the output voltage, V, and the

absolute value of vag with respect to the secondary side |v',;| of the rectifier during normal

operation and one phase loss operation with different m,. The output voltage drop AV, is larger
when the rectifier operates at higher m,, due to the longer off time during which the output
voltage only sustains by the output capacitor. As shown in Fig. 4-18, T » associated with the
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case of my = 0.9 is longer than T 1 associated with the case of my = 0.75 which results in

relatively larger AV,.

4.5 Experimental Verification

The experimental prototype with 380 V output is setup at 5 kW rated power in three-phase
operation and in one phase loss operation the output power is reduced to 3.3 kW (two-third of
rated output power). Detail experimental system parameters are the same as Table. 3-2 except the

output capacitor C, is increased to 2 mF.

4.5.1 Experimental Waveforms for One Phase Loss Operation with “Type A”

The experimental waveforms in Fig. 4-19 illustrate the operation when one phase is shorted
and then recovered. As shown from transformer primary side voltage in Fig. 4-19 (c) and (e), a
smooth transition occurs at t; and t; when “phase C” is shorted and then recovered. As shown in
Fig. 4-20 (b), the upper limit of the average output inductor current, lciamp in One phase loss
operation (2-phase operation) is 16A which is consistent with the analysis in this chapter and the
simulation results in Fig. 4-17 (f). The output voltage is regulated tightly at 380 V in normal
operation and AV, is less than 5% of nominal output voltage in one phase loss operation as
shown in Fig. 4-19 (f) and (g) respectively. The large inrush current seen in grid currents in Fig.
4-20 (a) is due to the input EMI capacitors. Fig. 4-21 shows the experimental spectrums of the
input phase currents for one phase loss operation at 3.3 kW output power. The total harmonic
distortion of the input phase currents is around 1.6% for normal operation and 39.2% for one

phase loss operation.

123



3-phase 3-phase

2-phase operation

operation operation

10 ms/div
(a)
[Vo Vo Vo
fVP £ “/Vp __‘[“VP
IEIRN
111
HHEHHFER
v
[Vc .—_/vﬂ‘-—-‘/c\ 1og) [VC
10 ps/div 50 ps/div 10 ps/div
() © 6)
Vv Po_max = 5 KW, 3-phase operation Po = 3.3 kW, 2-phase operation
Vo
__________ L AV =174V
£V
s
20 ps/div 5 ms/div 5 ms/div

) (® ©)

Fig. 4-19 Experimental waveforms for 2/3P, max= 3.3 KW, v = 480 V, fyiq = 60 Hz: (a) voltage waveforms of vp,
v, Vo, (b) at t;, normal operation (3-phase operation), (c) at t,, instant “phase C” is shorted, (d) at t5, one phase loss
operation (2-phase operation), (e) at t,, instant “phase C” recovered, (f) ac ripple of voltage V, in normal operation at

maximum output power P, nax =5 KW , (g) ac ripple of voltage V, in one phase loss operation.
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Fig. 4-20 Experimental waveforms for v, =480V, fyiq = 60 Hz, m, = 0.75 at at 2/3P, ma= 3.3 KW: (a) input phase
currents and voltage waveforms of i, iy, ic and v, (b) output inductor current I, and input phase currents and voltage,
(c) normal operation (3-phase operation) (d) one phase loss operation (2-phase operation), (e) normal operation at
maximum output power Pg max =5 kKW.
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Fig. 4-21 Experimental spectrums of input phase currents of i, and iy at 2/3P,_max=3.3 KW.
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4.5.2 Converter MOSFET Switching Dynamics Behavior during One Phase

Loss Operation
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Fig. 4-22 Experimental waveforms for converter MOSFETS switching behavior (turn-ON and turn-OFF actions)
during one phase loss operation: (a) voltage waveforms of vp, Vgs and Vg, (b) at t; (c) at t,, (d) at t; and (e) at t,.

The converter switching behavior (turn-ON and turn-OFF actions) during normal operation is
analyzed and verified with experimental results in Chapter 2. Fig. 4-22 shows the converter turn-
ON and turn-OFF switching actions during one phase loss operation. One of the MOSFETSs that

function as an active switch in the converter is selected for demonstrating the turn-ON and turn-
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OFF switching transitions at four locations of ty, t,, t3 and t4 (to show the entire operation mode).
As shown in Fig. 4-22 (b)-(e), drain-source voltage Vgys of the MOSFET tends to be zero before
the gate-to-source voltage Vgs of the MOSFET approaches high, which indicates that the body
diode is ON before the turn-ON of the switch such that ZVS is realized. As shown in Fig. 4-22,
the transformer primary voltage ve and the drain-source voltage Vg5 of the MOSFET is clean and
no large spike is noticeable since all the turn-ON actions are under ZVS condition. The turn-OFF
actions of this MOSFET at ty, ty, t3 and t are all hard switching. However, these turn-OFF
actions produce negligible losses since the overlapping of voltage and current is very small

during the turn-OFF transition.

4.5.3 Experimental Verification for One Phase Loss Operation with

Improved “Type E”

The experimental waveforms in Fig. 4-23 illustrate the operation of the rectifier when one
phase is shorted and then recovered. As shown in Fig. 4-23, a smooth transition occurs at two
intervals t, and t; when “phase C” is shorted and then recovered. The transformer primary
voltage is clean and no large spike is noticeable due to ZVS operation of the MOSFET switches.
It should be noted that during normal operation, the improved “Type E” is employed here due to
its low output inductor current ripple and better input current THD. The output voltage is tightly
regulated at 380 V in normal operation and the output voltage drop AV, is less than 5% of
nominal output voltage during one phase lost operation. The total harmonic distortion of the
input phase currents is around 1.94% for normal operation and 38.6% for one phase loss

operation.
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Fig. 4-23 Experimental waveforms at 2/3Po_max, v, = 480 V, fyig = 60 Hz: (a) normal operation (3®) to one phase
loss operation (2d), (b) at t;, normal operation, (c) at t,, instant “phase C” is shorted, (d) at t3, one phase loss
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4.6 Conclusions

In this chapter, operation of the three-phase isolated Buck matrix-type rectifier under one
phase loss condition is described and the limitation of the normal PWM scheme under one phase
loss condition is mathematically analyzed. Then new PWM schemes and commutation methods
are proposed for six-segment and eight-segment PWM respectively to improve the performance
under one phase loss operation. It is shown that the maximum available average voltage envelop
on the rectifier side can be achieved with the desired PWM scheme proposed for one phase loss
operation so that significantly lower overall current stress on the converter and the output voltage
drop can be achieved compared with the case when the normal PWM schemes are applied to one
phase loss operation. With the proposed switching schemes and commutation methods, two-step
commutation with ZVS turn-ON can be realized during one phase loss operation and during the
transitions between normal operation and one phase loss operation. Operation and performance
of the converter with the proposed PWMs and commutation methods are verified with simulation

and experimental results.

The input current THD obtained during one phase loss operation is relatively high and may
not be acceptable for the system that might even run for days. Therefore, how to improve the
input current THD during one phase loss operation to resemble performance of single-phase two-

stage converter is considered as the most important discussion of the next chapter.
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Chapter 5
Isolated Buck Matrix-Type Rectifier with

Integrated Boost Output Stage
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Fig. 5-1 Three-phase isolated buck matrix-type rectifier with a boost switch.

In the previous chapter, a PWM and commutation scheme are proposed for isolated buck
matrix-type rectifier to maintain proper operation of the rectifier during one phase loss operation
and to provide smooth transitions between the faulty and normal modes. Also, it is mentioned,
large output voltage drop and high input current THD are of the major drawbacks of the isolated
buck matrix-type rectifier when it operates in faulty mode of one phase loss. In order to
overcome these drawbacks, integrating a boost output stage with the isolated buck matrix-type
rectifier as shown in Fig. 5-1 is proposed in this chapter. Note, when ORing diode or ORing
FETs are employed by integrated boost output stage, a small additional circuitry is required for
pre-charging the output capacitor and assuring ORing functionality in the PSU. With integrated
boost output stage, the output voltage drop and input current THD for one phase loss operation
can be significantly improved compared with pure buck matrix-type rectifier (without boost

stage). The rectifier exhibits similar performance for input currents THD and output voltage
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regulation as single phase two-stage converter. The basic principle of operation and the
modulation method which is used to control the three-phase isolated buck matrix-type rectifier
with the proposed integrated boost output stage is described. The output voltage and input
current THD performance of the converter during one phase loss operation is evaluated and

verified by the simulations and experiments on a 5 kW prototype.

5.1 Analysis of Operation of the Rectifier during One Phase Loss

(opened or shorted)

In case of one phase opened, the connection between the source and the converter of one of
the phase is open and the leg of that phase is completely excluded from the operation of the
converter since no power can be delivered from that phase. While in case of one phase shorted,
the faulty phase at the rectifier side is shorted to the neutral. The line to line voltage between the
faulty phase and the other phases become phase voltage. In this case the leg of the shorted phase
can still be involved in operation if the converter has boost capability. Therefore, operation
principle and control schemes for one phase opened and one phase shorted of the converter with
integrated boost output stage will be discussed separately in the following sections. The main
control objectives of the converter with boost stage are to regulate the output voltage and
maintain good input current THD. However, during one phase loss operation, compromise has to
be made between these two control objectives depending on the application. Therefore, different
control schemes to achieve different control objectives for both one phase open and one phase

shorted conditions will be discussed in the following sections.

5.1.1 Analysis Of Operation to Achieve Miminum Ouput Voltage Drop
during One Phase Opened Fault

The equivalent circuit of the primary side during one phase opened operation is same as that
described in the previous chapter, where the phase leg of the lost phase is excluded. The boost

switch is activated when the input voltage is lower than the minimum value required to regulate

the output voltage by the primary switches only. It should be noted that for simplicity the
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analysis of converter in this chapter is based on the assumption that the duty cycle loss of the
buck rectifier is very small and can be neglected unless it is specified. The circuit principal
waveforms within one gird side cycle with excessively increased switching period of PWM
when the boost switch is enabled during one phase loss operation can be observed in Fig. 5-2.

During interval (highlighted) where |V'AB| is lower than V,, the converter operates in

Buck+Boost mode in which the boost switch is enabled to regulate V, and the primary of the
matrix converter is operating at its maximum duty cycle. Therefore, the intervals of Ty are

greatly reduced which results in smaller output voltage drop AV, compared with the pure buck
mode operation discussed in previous chapter. However, when |V'AB| is very low (|V'AB|<V|im),
the output voltage V, starts losing regulation since the output inductor current is clamped at the

upper limit by the current controller. As shown in Fig. 5-2 (d), as |V'AB| goes down, the output
inductor current rises until it reaches to the maximum value of 1, when |V'AB| reaches Vj;y, . If
|v' AB| further goes down, very limited energy can be delivered to the secondary side due to the
small value of |v' AB| and the substantially reduced effective duty cycle of Vq since the duty-cycle

loss cannot be neglected when |V' AB| becomes very low. Therefore, the primary switches and the

boost switch stop switching during Tof intervals to reduce the associated switching loss. The
limit of maximum output inductor current lcamp €Xpressed in (5-1) can be applied to both buck

and buck+boost mode control since the same inductor is involved in both operation mode
Iclamp =Kl ateq (5-D
where K is the over current racial and I;aeq is the inductor current in nominal condition.

Assuming the duty-cycle loss of the buck converter is very small, V;, at 1, =2/31 ., (two-third

of nominal power) can be derived as

(5-2)




By substituting V, = gnvmma and lgamp With (5-1) into (5-2), it results in
1
VIim = E an m,. (5_3)

Since To is the interval when |v' AB| <Viim Torr can be derived by combining (4-2) and (5-3)

.1, 1
sin~"(—=mj,)
Ty = T (5-4)
T fgrid
v Vv VI 1 1T Il [\
Va Y, —
v T~
ve=0 “« m
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Fig. 5-2 Voltage Operation waveforms for three-phase buck matrix-type rectifier with integrated boost output stage
to achieve minimum output voltage drop during one phase opened.
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Fig. 5-3 The output voltage drop AVo versus Co in one phase loss operation with and without boost switch at
lo = 2/3lrated, fgrid =50 Hz, k = 1.4 with boost switch and k = 1.7 without boost switch.
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Fig. 5-4 The output voltage drop AV, versus C, in one phase loss operation with and without boost switch at
lo = 2/3lrateas fgria = 50 Hz, k = 1.4 with boost switch and k = 1.7 without boost switch (pure buck operation).

Neglecting the energy delivered from primary to secondary during T, the voltage drop AV,
with the boost stage activated can be derived by substituting Tos with (5-4) into (4-6)
I, sin~}(

1 m.)
B ]
AV, = ok T
T fgrid Co

(5-5)

Fig. 5-3 and Fig. 5-4 show the comparison of the voltage drop AV, versus C, at 50 Hz and 60

Hz respectively with and without boost switch operation under faulty mode of one phase opened.
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Both cases are plotted at the nominal condition v =480 V and v, =400 V where m, = 0.75
and m, = 0.9 respectively. All the cases are at the same conditions of I, = 2/3 lraweq (K = 1.4 with

boost switch and k = 1.7 without boost switch operation).

A) Design Guidelines with Buck+Boost Mode Operation
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Fig. 5-5 The output voltage drop AVo versus the over current racial k in one phase l0ss operation with boost switch
at ma = 0.75 and 0.9 respectively with C, = 1.4 mF.

Compared with the pure buck operation (without boost switch), the voltage drop with the
boost switch activated is significantly smaller. Alternatively, the output capacitance can be
substantially reduced with boost mode operation if the voltage drop is kept the same as that of
without boost operation. The m, and grid frequency also play very important role in determining
the voltage drop. Either higher m, or lower grid frequency will result in higher voltage drop.

Since the boost capability is achieved by only adding a boost switch, the impact on the power

density of the converter is very small. In addition, the boost switch is only operating during small
interval (highlighted interval in Fig. 5-2 (c) and (d)) when |V'AB| is lower than V,. Therefore, the

high current through the boost switch won’t cause a high thermal stress on the boost switch.
From (5-5), we can conclude that higher over current racial k (higher l¢jamp) Will result in lower

AV,.
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Fig. 5-6 The output voltage drop AV, versus output capacitance C, in one phase loss operation with boost switch at
M, = 0.9, fgrig =50 Hz and |, =1.41 . .

Fig. 5-5 shows curve of AV, versus the over current racial k at different m, and different grid
frequencies. However, constrains need to be applied to k. The most important constraint for
selecting lgiamp is the maximum allowable output inductor current. The maximum inductor
current is designed based on the maximum required current in the normal three-phase operation.
It is a popular case that the power supply should be able to deliver full power in the output
voltage rang of (270 VV~380 V) during three-phase operation. In this case, the maximum output
inductor current should be at least 1.4l aeq plus some margin for transient. Then it’s safe to set
lelamp = 1.41raed. The next step is to decide the output capacitance to satisfy the required ripple
voltage AV,. Since the worst case for AV, happens at the highest m, and the lowest grid
frequency, the case of m, = 0.9 and fgig = 50 Hz is selected to draw the curve of the voltage drop

AV, versus Co at |, =141 ., as shown in Fig. 5-6. Finally, capacitance of 1.4 mF is selected as a

compromise between the output voltage drop and power density of the rectifier. With 1.4 mF
output capacitance, the output voltage drop AV, is less than 3% of nominal output voltage during
one phase lost operation. In summary, the worst case to determine the maximum output voltage
drop AV, and the required current clamping during one phase loss is at maximum m, and
minimum grid frequency. Therefore, for the given AV, and output power, the output capacitor

and current clamping should be selected at maximum m, and minimum grid frequency.
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Fig. 5-7 The control block diagram of the converter for buck+boost and buck operation.

To prevent output inductor current oscillations at the boundary between the pure buck and
the buck+boost operations, a common controller is employed as shown in Fig. 5-7. The output of
the current controller is then utilized for the calculation of the relative on-times of the buck-type

input part as well as for the boost output stage.

Since measurements in reality contain noise and/or delay times, the robustness of the control
is significantly improved with a common controller. Control parameter design for the cascaded
voltage loop and current loop with average current mode control is quite similar to conventional
buck DC-DC converter and boost DC-DC converter.

Although the output voltage drop is significantly improved with the proposed control scheme,
the high input currents THD obtained during one phase loss operation is the main drawback of
this control scheme. It may not be acceptable for the system that might even run for days when
one phase is lost. Therefore, another type of control scheme to minimize the input current THD
and at the same time maintain low output voltage drop is also proposed and will be discussed in

next section.
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5.1.2 Analysis Of Operation to Achieve Miminum Input Current THD during
One Phase Opened or Shorted

The equivalent circuit of the primary side during one phase loss operation is the same as that
described in the previous chapter, where the phase leg of the lost phase is excluded for both one
phase opened and shorted. Similar to buck + boost operation discussed in the previous section,
the boost switch is activated when the input voltage is not high enough to regulate the output
voltage. In order to achieve minimum input current THD, the input current is controlled to
follow the same shape as the input voltage, which is similar to operation of the conventional
single phase PFC. Therefore, this operation mode can also be called buck+boost with PFC. The
primary switches of the isolated buck matrix-type rectifier need to be activated in the entire line
cycle (six sectors) and there is no “off time” in sector Il and V. The equivalent circuit can be
simplified as a buck+boost converter as shown in Fig. 5-8. Similar to conventional single phase
PFC, the inductor current is used for current mode control to shape the input grid currents.
However the inductor current has to be properly shaped at both buck+boost operation and pure
buck operation in order to have low distortion input grid current with unity power factor. Since
the ideal input current is controlled to follow the same shape as the input voltage to mimic an
ohmic load, the power drawn by the rectifier is given by the following equation:

po () =Y O VTSN (O) Vo 0-c05(20)

in in in

(5-6)

where Vi, (0) =|Vjg(8)| = N3V sin(6 +27/3) when “phase C” is considered as a phase loss.

For the following analysis, it is assumed that the input current is a pulsating sinusoid (the
superimposed saw tooth current ripple is neglected), and is in phase with the input voltage v, (6) .
The output voltage V, can be considered as a constant DC voltage because of the very high value

output capacitor C,. The output power is constant for the considered time interval. Fig. 5-8

shows the voltage, current and power curves of the rectifier in the time domain.

Because there is no intermediate energy storage inside the rectifier, the instantaneous power

at the input and output of the rectifier has to be equal as stated by
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B (0) = Po(6) = i1 (O)Vin (6) = Vi sin? 0 = 2 Vi (1 cos(26)

N

. (5-7)
= Iin_rms\/in_rms - Iin_rmsVin_rms cos(20) = P -F cos(20)
[ —

DC AC DC AC

Therefore, the input power consists of a DC and AC components where the DC component is

equal to the output power B, = I,,,4V, =const and AC component corresponds to AC power in

(5-7). Since p,(0) =V, -i,(0), the switching average output current i, (&) can be derived by

. g P, P
100 =229 _Fo P 00000) — 11325 — 110aq c05(20). (5-8)
VO VO VO
DC AC

It is important to note that during buck+boost operation the inductor is in series with input
line terminal and during pure buck operation the inductor is in series with output terminal as
shown in Fig. 5-8 (b) and (c) respectively. Therefore, it is essential the inductor current is shaped

properly based on these two operations.

The circuit principal waveforms within one gird cycle with excessively increased switching
period of PWM when the boost switch is enabled to function as a PFC during one phase loss
operation can be observed in Fig. 5-9. During buck+boost operation (intervals of M1 and M3) in
Fig. 5-9, buck switch Spyk operates at maximum duty cycle which can be considered as always
closed and the boost switch Spoost IS enabled to keep the input current the shape of the input
voltage as shown in Fig. 5-8 (b). The switching average of the inductor current for this operation

can be expressed as

iL(0) =iin(0) = iy

sin(6)|. (5-9)

During pure buck operation (interval of M2) as shown in Fig. 5-9, the boost switch Spyest iS

disabled and the buck switch Sk is switched to regulate the inductor current.
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The switching average of the inductor current for this operation can be expressed as
i, (0) =i, (0) = lin(L—D)sin?(8) = 21,554 SIN*(6) (5-10)
or i (8) =1,(8) = l1paqg — l10ag COS(26) as stated by (5-8).

It is important to note that the output voltage ripple was neglected for the discussion of
current shaping above in order to simplify the analysis. Since the output voltage ripple is
relatively small, it will not introduce large error. The output voltage has ripples due to the
pulsation power with doubled line frequency delivered from the AC side to DC side. Similar to

single phase PFC, the output voltage ripple can be calculated by

AV, = _ kK (5-11)
27[ fgridCovo
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Fig. 5-9 Operation waveforms for Three-phase buck matrix rectifier with integrated boost output stage to
achieve minimum input current THD during one phase opened.(d) output inductor current (e) duty cycle of Buck

mode and buck+boost mode.

Fig. 5-10 shows the comparison of output voltage drop AV, versus output storage capacitor
for three different operations of the converter: pure buck, buck + boost and buck + boost with
PFC. It is shown that the buck+boost operation has the minimum output voltage ripple compared
with other two operations. The buck+boost with PFC operation has higher output voltage drop
compared to buck+boost operation, however, it has lower output voltage drop compared with

pure buck operation.
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Fig. 5-11 Complete control structure enabling sinusoidal input currents under one phase loss operation.

A) Control Structure for Buck+Boost with PFC Operation during One Phase Loss

The basic control structure of the buck+boost with PFC is depicted in Fig. 5-11. A slow outer
control loop regulates the output voltage to a constant reference voltage Vi and sets the
reference value for the fast inner inductor current loop. To realized unity PF and sinusoidal input

current, the current reference lsnape must exhibit shape of |sin(#) |in buck+boost operation and

shape of sin?(8) in buck operation as stated by equations (5-9) and (5-10) respectively.
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During three-phase operation Ishape IS Set to unity. The output of the current controller is the
duty-cycle that is used for the calculation of the relative on-times of the transistors of the buck
input part as well as the boost output part. It should be noted that, similar to operation of the
single phase PFC, the voltage control loop bandwidth for one phase loss operation should be low
(< 10 Hz) such that the current shape will not be affected by the voltage control loop. The

controller design of the conventional single-phase PFC can be applied here.

5.1.3 Analysis of Operation to Achieve Tight Ouput Voltage Regulation
during One Phase Shorted

When one phase is shorted to the neutral of the source, the shorted phase has the same
potential as the neutral point. Therefore, the line-to-line voltage between the faulty phase and the
other two phases reduced to the same value as the phase voltage. In order to achieve minimum
output voltage drop, a modulation scheme is proposed to maximize the utilization of the input
voltage during one phase shorted operation. In each sector, the highest line-to-line voltage is
selected to synthesize the transformer primary voltage. The resultant transformer voltage v, for
phase C shorted operation is shown in Fig. 5-12. During sector I, I11, IV and VI the transformer

primary voltage is synthesized by vag, which is same as that of one phase opened operation.

While during sector 11 and V, the transformer primary voltage is synthesized by either vac or

vgc depending on which magnitude is higher. As shown in Fig. 5-12 (c), the minimum value of

the envelope of rectifier output voltage V, ;. (in the middle of sector 1l and V) is not zero with

the proposed one phase shorted PWM scheme. The average of output voltage V4 (&) in each

switching cycle during sector Il and V is expressed by

‘VAC’ (9)‘ Dsec(e)

vy (0) = .
Vec(6)] Dee(0)

(5-12)
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Fig. 5-12 Operation waveforms for Three-phase buck matrix rectifier with integrated boost output stage to achieve
minimum output voltage drop during one phase shorted.

It should be noted that the duty-cycle loss cannot be neglected during sector Il and V since Vy4

is relatively low and current is high. Due to the duty-cycle loss, V4(&) can be significantly

smaller than V. In the middle of sector Il and V, Vy(6) is almost half of the Vy in -
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The maximum required inductor current to regulate the output voltage at two-third of rated

power can be calculated by

P
IL = g - o,rated ) (5_13)
Y 3V, (7/6)

It is important to note that | may exceed the upper limit and will be limited at I¢jamp by

L, max
the controller. In this case a small voltage drop will be visible but it is much smaller than the case
of one phase opened. In sector I, HlI, IV, VI, the equivalent circuits of converter primary side
during one phase shorted is same as that for one phase opened operation. Therefor, associated
PWM schem for one phase shorted operation is also same as that of one phase opened operation
in these sectors. However, in sector Il and V, the phase leg of the faulty phase is also involved in

one phase shorted operation so that different equivalent circuits are derived as shown in Fig. 5-13
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(assuming “phase C” is shorted vc = 0) and the associated PWM schem is described in Fig. 5-14.
ZV/'S operation principle of FB-PS can also be applied here so that ZVS can be achieved for one
phase shorted operation in all the sectors. Fig. 5-13 and Fig. 5-14 show the equivalents circuit
and PWM scheme respectively in one phase shorted operation. It is worth mentioning that the

same control scheme as shown in Fig. 5-7 can be used for the case of one phase shorted.
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Fig. 5-14 PWM schem for one phase shorted operation during sector Il and sector V.
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5.2 Simulation Result and Discussion of Output Voltage Regulation

To verify the analysis of one phase loss operation of the converter, a simulation model is built
and tested at two-third of rated power. In the simulation, the output voltage drop AV, of the
conventional buck converter (without boost switch) and of the converter with the proposed boost
stage are compared. In addition, the key simulation waveforms for the converter with the boost
stage activated is provided. The upper limit of the average output inductor current with
buck+boost mode operation, lciamp, is set at 18.5 A (1.41raeq) and the output storage energy C, =
1.4 mF is selected based on the analysis in section (5.3.1). It should be noted that the minimum
required lciamp for the operation without boost switch at m, = 0.9 is 20.4 A based on (6) in section.
I1. Considering some margin to account for the duty cycle 10ss, lgjamp is set at 22 A (1.7lvateq). The
minimum required lgamp for the pure buck mode operation (without the boost switch) during one
phase loss operation has been discussed in Chapter 4. However, the lamp given in Chapter 4 is
chosen based on the nominal condition where m, is equal to 0.75. If consider the worst case
analysis at ma = 1, then lgjamp = 26.3 A (2lraweq) should be selected.

5.2.1 Discussion of Output Voltage Regulation
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Fig. 5-15 Comparison of output voltage drop AV, for conventional buck rectifier and buck rectifier with boost
switch at m, = 0.9 and fyig = 60 Hz.
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Fig. 5-15 shows the comparison of the output voltage drop at maximum m, = 0.9 for pure
buck (without boost switch) operation and buck rectifier with boost switch enabled to verify the
analysis given in section. 5.1.1. As it is noticeable from two out voltage waveform, the output
voltage drop AV, in boost operation is significantly smaller than the output voltage drop AV, in
pure buck operation. This is due to the reduced off time intervals of Tes 1 in boost operation

compared with T o of pure buck operation.

5.2.2 Key Simulation Waveforms of Buck Matrix Rectifier with Boost Switch
Activated
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Fig. 5-16 Simulated waveforms for buck matrix rectifier with boost switch activated: v, = 480 V (at my = 0.75), fyrig
=60 Hz, k = 1.4 and 2/3Po_max when “phase C” is sorted and recovered.
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The purpose of simulation result here is to verify the operation of the rectifier with integrated
boost output stage. As shown in Fig. 5-15, at ty, the “phase C” is shorted and at t; is recovered.
Boost switch is enabled during one phase lost operation when Vy is lower than V,. The maximum
inductor current is clamped at 18.5 A by the controller during one phase lost operation. At steady
state, Ii_avg IS around 8.77 A to deliver two-third of rated power. The output voltage drop AV, is
around 11 V. Smooth transition between buck+boost mode operation and buck mode operation
can be observed from the output inductor current, since both the primary switches of buck matrix
rectifier and the boost switch are controlled by the same controller.

5.3 Experimental Verification

Experimental test is conducted on a 5 kW three-phase isolated buck matrix-type rectifier with
integrated boost output stage, v = 480 V, fgig = 60 Hz, my = 0.75 and k = 1.4. Detail
experimental system parameters are similar to Table. 3-2 with an additional Spoost
(IPW60R041P6) and Doring (2 X C3D16065A).

5.3.1 Experimental Verification to Achieve Minimum Output Voltage Drop
in One Phase Opened Operation

As shown in Fig. 5-17 (a), the output voltage ripple AV, is 11 V which is less than 3% of
nominal output voltage. Waveform of Vs noost ShOws that the boost switch is enabled only during
intervals of Vg4 lower than V,. The zoom in waveforms in Fig. 5-17 (b) shows that the inductor
current I is clamped at 18.5 A. The current shape is consistent with the analysis in Fig. 5-2 (d)
and simulated waveform in Fig. 5-16 (e). However, the current stair case during buck+boost
mode operation is caused by the quantization error of the ADC for voltage sensing in boost
controller. Higher resolution of the ADC can help to mitigate this problem. During T interval,
both the primary switches and the boost switch are stopped switching to reduce the losses since
Vy is too low to regulate the output voltage. It should be noted that the PWM scheme of the

isolated buck matrix-type rectifier during one phase loss operation is different from those PWM
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schemes derived for normal (three-phase) operation and summarized in Chapter 2. A special care
needs to be taken for the commutation scheme in order to achieve safe transition between the
three-phase and one phase loss operation as discussed in Chapter 4. Input current i, as shown in
Fig. 5-17 (c) and (d) is highly distorted due to the large variation of output inductor current in
order to regulate the output voltage during one phase loss operation. This is the main drawback

of the proposed control scheme.
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Fig. 5-17 Experimental waveforms of the converter with a boost switch for 2/3Po_max, v, =480V (at m, = 0.75),
foria = 60 Hz: (a) voltage waveforms of V, (50 V/div), Vg (400 V/div), Vgs noost (400 V/div), and I (10 A/div) (b)
Zoom in waveformes of (a) during one phase opened (c) Waveforms from 3-phase operation to one phase opened
operation , i, (10 A/div) (d) Waveforms from one phase opened operation to 3-phase operation.
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5.3.2 Experimental Verification to Achieve Minimum Input Current THD in
One Phase Loss Operation
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Fig. 5-18 Experimental waveforms of the converter with a boost switch for 2/3Po_max, v =480V (at m, = 0.75),
fgria = 60 Hz: () Waveforms of output voltage V,, rectifier output voltage Vg, boost switch Vs and inductor current I
during transition from 3-phase operation to one phase loss opertion (b) Waveforms during transition from one phase
loss operation to 3-phase operation. (c) current waveforms of i, , iy, i and I, (10 A/div) from 3-phase operation to
one phase loss opertion (d) current waveforms of i, , iy, i. and I (10 A/div) from one phase loss opertion to 3-phase
operation. Good input current THD can be maitained for both three phase operation and one phase loss operation (e)
zoom-in waveforms shows smoth transition between pure buck mode and buck+boost mode.
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Fig. 5-19 Experimental spectrum analysis of input grid current wave during one phase loss operation shows low
THD and its individual harmonics (a) at 100% load (3.3 kW) and (b) at 50% load (1.65 kW).

Fig. 5-18 shows the operation of rectifier during one phase loss with the boost switch is
enabled during buck+boost operation and disabled during pure buck operation. Smooth
transitions between buck mode and buck+boost mode operation and vice versa can be observed
from inductor current. The output voltage ripple AV, is 14.6 V which is less than 4% of nominal
output voltage. Similar to single-phase PSU, the output voltage contains low frequency second

order harmonics.
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Fig. 5-20 Measured input grid current THD (%) vs load (%) during one phase loss operation for direct three-phase
(Dir_3-Ph) and proposed PSU (Prop_PSU).

The input grid currents THD and its individual harmonics at different load currents during
one phase loss operation are shown in Fig. 5-19. Very low THD for input grid currents is
achieved due to the properly designed current shaping but a slightly higher output voltage drop
compared with the buck+boost control. Low input current THD can be maintained for one phase
loss operation with the proposed control scheme for buck+boost with PFC function as shown in
Fig. 5-18 (c) and (d). This feature can bring significant benefit for the applications that PSU is
required to operate at either three-phase or single phase input, e.g. the on board vehicle battery
charger. Fig. 5-20 shows measured input grid current THD for direct three-phase (Vienna
rectifier + LLC) and proposed PSU (isolated buck matrix-type rectifier) during one phase loss
operation. As shown in Fig. 5-20, the input grid currents THD are less than 5% for all load

currents above 50% which is below the specified standards in industries.

5.3.3 Experimental Verification to Achieve Tight Ouput Voltage Regulation
during One Phase Shorted

As shown in Fig. 5-21, the output voltage drop AV, is 2.5 V during one phase shorted which

is within the specification for normal operation.
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Fig. 5-21 Input grid current wave and its indivitual harmonic in one phase loss operation: (a) at 100% load and (b) at
50% load.

The zoom in waveform in Fig. 5-21 (b) shows that the inductor current I, is clamped at 18.5
A. With larger inductor current clamp (around lgamp = 34 A), the output voltage can be tightly
regulated. However, this is not practical way since very large inductor size is required. Grid side
current iy as shown in Fig. 5-20 is highly distorted due to the large variation of output inductor
current in order to regulate the output voltage during one-phase shorted. This is the main
drawback of the proposed control scheme. Similar control scheme as shown in Fig. 5-7 is applied

for this operation.

5.4 Conclusions

In this chapter, the operation principle and performance of three-phase isolated buck matrix-
type rectifier with an integrated boost output stage is studied. The boost switch is only enabled in
one phase loss operation during the intervals in which the reflected input voltage to secondary
side of transformer is lower than the output voltage and is kept OFF during the normal operation.
Therefore, the associated loss and heatsink size of this switch is very small. The rectifier with
integrated boost output stage exhibits smaller output voltage drop and input current THD during
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one phase loss operation compared with pure buck operation. In addition, the value of output
capacitance can be substantially reduced with buck+boost operation if the output voltage drop is
kept the same as that of conventional buck matrix-type rectifier, rendering to high overall power

density of the converter.

With integrated output boost stage, the converter has flexibility to work either with tight
output voltage regulation or with very low input currents THD during one phase loss. To
consider both tight output voltage regulation and low input current THD, larger value of output
capacitance is required. To achieve low input grid current THD and high PF during one phase
loss operation, the rectifier operates similar approach as single phase PFC. This feature enables

the rectifier to be considered for both three-phase and single-phase applications
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Chapter 6

Conclusions

This dissertation work provides comprehensive study on the commutation method and various
PWM schemes which are implemented for the isolated buck matrix-type rectifier during three-
phase operation and one phase loss operation. The main contribution and important results are

summarized and highlighted in this chapter with future work that is also pointed out.

6.1 Main Contributions and Conclusions

The contributions of this dissertation thus lie in the design and implementation of a cost
effective PSU with high efficiency and high power density for telecom and data center
applications. Based on this and the previous discussion, the contributions are further addressed in
what follows:

1) To achieve high power density, it is essential that the rectifier operates at a higher
frequency to reduce the size of magnetics components and to achieve high efficiency, and it is
essential to implement the soft-switching techniques to mitigate the switching loss. All these
benefits are only realized through proposed PWM modulation and commutation schemes. Extend
soft-switching techniques such as zero voltage switched phase-shift full-bridge (ZVS-FB-PS) to

three-phase isolated buck matrix-type rectifier.

2) Several soft-switched PWM schemes known as six-segment and eight-segment in this
dissertation are examined for isolated buck matrix-type rectifier. First, based on the switching
characteristics of Si IGBT and MOSFET devices, a six-segment PWM scheme with minimum
switching loss is identified among all the six-segment PWM schemes and then the performance
of the proposed six-segment PWM scheme (“Type A”) is compared with traditional eight-
segment PWM scheme “Type E”.
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The comparison between “Type A” and “Type E” unveils “Type A” exhibits lower output
inductor current ripple, duty-cycle loss and switching losses compared with “Type E”. However,
“Type E” exhibits lower transformer core loss compared with “Type A” since it has a doubled
frequency on the transformer when the switching frequency is kept the same for both PWM
schemes. Therefore, an improved eight-segment PWM scheme (improved “Type E”) is proposed
as an alternative PWM scheme to “Type A” which mitigates a major issue related to large output

inductor current ripple with “Type E”

3) Commutation method for “Type A” and improved “Type E” under three-phase operation
are proposed to maximize the efficiency with ZVS turn-ON and synchronous rectification
operation. For converter with “Type A” implementation, two-step commutation is applied for the
transitions from active vector to zero vector and vice versa under ZVS turn-ON, while three-step
commutation is required for transitions from active vector to another active vector due to an
additional non-ZVS turn-ON. However, the associated turn-ON loss for this transition is very
small. The proposed commutation method for improved “Type E” permits all the bidirectional
devices of the rectifier to be turned on under ZVS. Constraints of the gating of synchronous
rectification are implemented in the proposed commutation scheme to ensure safe operation

especially under non-ideal input conditions, e.g. distorted input voltage.

4) A zero voltage switched PWM scheme and commutation method are proposed to maintain
proper operation of the rectifier during one phase loss operation. In addition, a safe transition
from one phase loss operation to normal operation and vice versa can occur with minimum
switching actions (two-step commutation). In order to achieve low input current THD and
regulate the output voltage with a small value of output capacitance, the rectifier with integrated
boost output stage is proposed. The boost switch is only enabled in one phase loss operation for
short intervals of time and is kept OFF during the normal operation. The associated loss and
heatsink size of this switch are very small. Therefore, the efficiency of rectifier during normal
operation will not be affected and the overall power density of PSU still remains high. With the
integrated boost output stage, the performance of the rectifier under one phase loss operation can
be significantly improved with selective control objectives (either tight output voltage regulation

or low input current THD and high PF) depending on the application. It is important to mention
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that these features enable the rectifier to be considered for both three-phase and single-phase

applications.

5) Operation and performance of the rectifier with the proposed PWM schemes and
commutation methods are verified through simulated and experimental results on a 5 kW
prototype. Also, one phase loss operation is evaluated and verified by the simulations and

experiments on a 5 KW prototype where the power is reduced to two-thirds of the rated power.

6) Furthermore, the loss breakdown and efficiency comparisons are provided for three
prototypes based on isolated buck matrix-type rectifier: SiC MOSFET-based 54 V, SiC
MOSFET-based 380 V and Si IGBT-based 380 V. The 54 V prototype is demonstrated the peak
efficiency of 98.3%, which is higher than the best commercial products, and the power density is
70.5 W/in®, which is higher than the state-of-art direct three-phase (Vienna or six-switch boost as
first-stage and LLC resonant converter as second-stage) rectifier design.

6.2 Suggested Future Works

1) Extend LLC resonant dc-dc converter concept to three-phase isolated matrix-type rectifier.
This provides several advantages.

e Full ZVS turn-ON from no-load to full load for all the primary bidirectional switches.

e With the property of zero-voltage switching (ZVS) turn-ON for the primary switches and
both ZVS turn-ON and zero-current switching (ZCS) turn-OFF for the secondary
synchronous rectifiers (SRs).

e Higher efficiency and power density are expected with LLC resonant matrix-type
rectifier compared with buck matrix-type rectifier since the converter is operated under
ZV'S for primary switches and ZCS for SRs at much higher switching frequency for all
load conditions.

e The LLC resonant converter has boost capability; therefore, it does not require the output

boost stage for faulty mode of one phase loss operation.
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e The output inductor size can significantly be reduced since the LLC resonant converter

doesn’t require large output inductor.

2) Consider higher power density of the converter while high efficiency is still maintained.
Push the switching frequency of isolated buck matrix-type rectifier to several hundred kHz (>300
kHz). This is possible by integrating the gate drivers and bidirectional MOSFET switches as a
single module. With the single module, the stray inductance of devices and the parasitic node
capacitances can be greatly reduced. Therefore, the turn-ON and turn-OFF switching losses are
relatively decreased. Other way to increase the switching frequency of isolated buck matrix-type
rectifier is using auxiliary switches to reduce the turn-OFF losses while the ZVS for turn-ON is
still in effect. However, a special attention is required to that the auxiliary switches do not pose
an additional switching loss. Especially, this approach is suitable for Si IGBT-based buck

matrix-type rectifier where the converter suffers significantly from larger turn-OFF loss.

3) Consider bidirectional operation of the converter in DCM operation for low to medium
power range while the soft-switching for switches of the rectifier is still in effect. Rectifier
operates in DCM doesn’t require output inductor which results in higher overall power density of
the rectifier. In addition, there are not any large spikes on the secondary-side devices; therefore,

lower-voltage devices with lower Rps.on Can be selected.
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Appendix A
Detailed ZVS Operation of “Type A” at
Different Load Conditions

The switching loss is analyzed for sector I (a), which can also represent the loss in other
sectors since there is no loss difference between sectors due to repetitive feature of PWM. As
shown in Fig. 2-8, the three-phase converter can be redrawn as full-bridge DC-DC converter
with “bridge x” and “bridge y” and the typical waveforms at different load conditions with the
gating signals are shown in Fig. A-1. In one switching cycle, there are six transitions as shown
in shaded area. As discussed in Chapter 2, ZVS operation of the rectifier is similar to the
operation of FB-PS. Transition 1 and 4 are the leading edge transitions of vy, where energy stored
in Ly is used to achieve ZVS. Two transitions 3 and 6 are the trailling edge of vp, where the total
energy stored in Lix and L, is used to achieve ZVS. Transition 2 and 5 are the transitions between
two active vectors and ZVS is achieved in the similar way as the trailing edge transition.
However, there is a non-ZVS turn-on during this transition which is independent with load

condition.

a) Switching loss of transition 1

During transition 1, S, and Sy4 are turned off at to followed by S;¢ turn-on at t;. Sy, is turned
off at zero voltage since it functions as synchronous rectification, therefore no losses created for
this switch. Sy, is turned off at full current and full voltage. The turn-off switching loss Eo IS
normally provided in datasheet. However, it cannot be directly used for loss calculation due to
following reasons. Eq in datasheet is normally obtained by taking the integration of the product
of the drain-to-source voltage Vgs and drain-to-source current lgs of the switch in a double pulse
test. It is important to note that the measured Es overestimates the turn-off loss because it
includes the energy stored in the output capacitance Eqs as discussed in [62]. Therefore, the
charging energy Eos has to be subtracted from the turn-OFF loss, if the turn-OFF loss is
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calculated based on the Eqx obtained from datasheet. In addition, the parasitic capacitances of
the other device may help reduce the turn-off loss since the total equivalent capacitance across
the switch is the sum of C,s and the parasitic capacitances of the other device. Larger the total
equivalent capacitance, lower the turn-off loss. However the effectiveness of this loss reduction
is largely depending on the layout and device stray inductance. For simplicity, this factor is
neglected in the loss calculation here. Finally the turn-off loss of S,4, which represents the turn-

off loss of the leading edge transition, can be expressed as

Eoff _lead = Eoff (Vds) - Eoss (Vds) : (A'l)

The drain-to-source voltageVys has the same magnitude as Vg () during sector 1 (a) and
Vac (0) during sector | (b). Assuming a linear relationship between Vg and Eoff lead » the
averaged turn-off energy 10ss Egy jeag avg dUring sector | (a) or sector | (b) can be

approximated as Eqg jead Viead avg) » Where the Vigay 4 is the average voltage of Vg for the

leading edge during sector | (a) or sector I (b), and can be derived by

33

NEYA sin(¢9+%)d(0) ==V <165V, (A-2)

T

6 ¢ 6 ¢
Viead _avg — ;.[06 Vac(0)d(0) = 6

; 0
Then the average of turn-off energy loss can be revised as

Eof‘f _lead _avg = Eof‘f _lead (1-65\/m) = Eoff (1-65\/m) - Eoss (1-65\/m) : (A'3)

However, when the converter operates at light load, the energy stored in Ly is not sufficient
to charge and discharge the output capacitances of MOSFET devices. Therefore, ZVS is partially
lost. Then the residual voltage Ve has to be discharged by S;¢ which results in turn-on loss. The
associated turn-on loss of Sy is the sum of discharging energy of C,ss of S16 and energy loss due
to charging the parasitic capacitance Cya Of other devices and it can be expressed as
charging/discharging energy of the total equivalent capacitance Cgq,
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Fig. A-1 Typical waveforms and gate signals during sector | (a).

1 2, 1 2, 1 21 2
Eon _lead (Vres) = E CossVres + E C parVres + E CtrVres = E Cqures (A'4)

It should be noted that (A-4) results in underestimated energy loss since the calculation is

based on the energy-equivalent capacitance of Cys. FOr more accurate result, the capacitor
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charge of Cpar should be considered similar to [63]. However, this involves more complex
calculations for three-phase isolated buck matrix-type rectifier due to the fact that Cpar is not
physically one capacitor and it comprises the capacitance of different branches having different
voltages. For simplicity, the traditional method based on the energy-equivalent capacitance of all
the capacitances is still used here, since they can be easily lumped into the total equivalent
capacitance Ceq. The total equivalent capacitance Ceq for leading edge of the rectifier has been
discussed in [54] and the resultant energy loss can be found from the E,versus the residual
voltage Vies curve which is provided in the datasheet of device.The resonance between Ly and
Ceq provides a sinusoidal voltage across the capacitances that reaches a maximum at one fourth

of the resonant period

T /4
Olax = % = E«f LIkCeq ’ (A-5)

where Cgq =5/2C +Cy, . Note, Cy is the equivalent capacitance of transformer winding.

The dead-time between Si6 and Sy4 is set at ot;,,, to ensure that all the energy stored in Ly is
available to charge/discharge the capacitances. The critical current requried in the primary side

of the transformer to achieve ZVS for devices can be calculated from

1 , 1 5
E le I p_crit z E Cqures (A'G)

For a given primary current I yand if I ; <1, ., the turn on loss can also be calculated by

1 2 1 2
Eon_Iead (Vres) = E I—IkI p_crit _E le I p - (A7)

b) Switching loss of transition 2

During transition 2, S;, is turned on at t, with non-ZVS. Since S;, is turn on at zero current,
the associated turn-on loss is only due to discharging of the Cqs 0f Sy, and Si2 as shown in Fig.

A-2. The resultant energy loss can be approximated by
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2C 1o Vys?
Eon_non_ZVS = %ds = 2E s (Vo) - (A'8)

It should be noted that the voltage Vs is independent with the load current but a function of 6

and can be expressed as (Vac(0)—1/2vag(0)) during sector | (a) and vag(0)—1/2vac(6) during

sector | (b). The average value of E,, ., zvs Can be approximated as

2Coss(vaB (9)—%VAC ))°
2

E

6
T

o —o |y

~ 2B, (0.5V,) (A-9)

on_non_ZVS _avg —

At t3, Sip is turned off with full current. But the turn-off transition voltage is only the
deference between vag(0) and vac(#) and the associated turn-off loss is also small. Since the turn-
OFF transition voltage is (vag (8) —Vvac (8)) during sector | (a) and (vac (6) —vag(6)) during sector

| (b), the average of the turn-off transition voltage can be derived as

63-9

VA

6 - . . 2
Viow_avg = IS NEYA (S|n(¢9+%) —S|n(9+?ﬁ))d9 - V., ~0.443V,, (A-10)

The resultant average loss of Ey¢ 1o ayg during the entire sector can be approximated as

Eoff _low_avg = Eoff (Vlow_avg) - Eoss (Vlow_avg)
(A-11)
~ By (0.443V),) — B (0.443V,,) = 0.268E _lead _avg

At t,, the synchronous rectification device S,; is turned on with ZVS.
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Fig. A-2 Equivalent circuit of non-ZVS turn-on. (note: veg(6) is slow moving variable and can be assumed constant).
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c) Switching loss of transition 3

During transition 3, Si» is turned off with full current and full voltage at ts. The drain-to-
source transition voltage Vgs has the same magnitude as vac(6) during sector | (a) and vag(6)
during sector I (b). The average voltage of Vs for trailing edge can be derived by

T T
6 < 6 . 21 9-33
Virail_avg = [EVag(0)d6 = - 83V, S|n(0+?)d0 ==V 12Ny (AL2)

The associated average turn-off loss for this trailing edge transition can be expressed as
Eof _trail_avg ~ Eort 1.21Vy,) — Eges (1.21V,,)) = 0.733E ¢ _lead _avg (A-13)

It should be noted that the turn-off current of the trailing edge transition is higher than that of
leading edge transition since the primary current is at peak. At ts, Sy4 is turned on with ZVS. It is
important to note that adaptive dead time between ts and ts is applied to ensure ZVS operation of

S,4 at different load condition.

Switching losses for another half-cycle are the same as the first half-cycle. Similar loss

analysis can be applied to eight-segment PWM scheme.
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Appendix B
ZVS Range for Six-Segment and Eight-

Segment PWM Schemes

As discussed above, the switches of rectifier can realize ZVS for trailing edge easily even at

light load. However, the switches of rectifier lose ZVS during leading edge at lighter load.

The critical current 1 required in the primary switch to achieve ZVS has been discussed in

(A-6) of Appendix A. For a given load current I, and with the consideration of the inductor
ripple current, the available current through Ly for the switching transition of the leading edge
can be calculated by:

NS

IP min = I0
- p 2 Lf

+A—'L—V—°(1— D)T—ZS . (B-1)

The load current range to achieve ZVS can be expressed as:

IP_min > lerit (B-2)
or
Np AIL Vo Ts
IO ZN—Icrit—T'F:(l— D)? (B'3)
S

The selection of the series resonant inductance Ly value can be done in two ways. One way is
to choose L to have a maximum 10% duty-cycle loss at full load current. Two equation (B-4)
and (B-5) are used to calculate the maximum duty-cycle loss of rectifier with six-segment and

eight-segment PWM schemes respectively at 6 =0.
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8nl Ly

ADypi4(0) = B-4

total( ) 3Vst ( )
16nl L

ADy (0) = —2k B-5

total( ) 3\/st ( )

For a given m, and with the consideration of duty-cycle loss, the total duty-cycle Dig (6)

attains its maximum at @ =0 for both PWM schemes in practical design. Therefore, the duty
cycle loss at #=01is of the interest to determine the maximum available m, which can be

calculated by
M, = Dygtal ) —ADygal ). (B-6)

For a maximum 10% duty loss at & =0, the maximum available m, will be 0.9 in order to

satisfy the constraint Dy, (6) <1.

Another way to select the resonant inductance value is based on ZVS range. With defined
minimum load to achieve ZVS at @ =+7/6, I, can be found from (B-3), and then Ly can be

calculated from (A-6).

When the rectifier is designed to provide a wide ZVS range, the loss of duty-cycle
ADyy14 (0) is relatively large, which has to be compensated by increase in the transformer turns
ratio, n. This increases the current in the primary, and leads to reduction in efficiency at higher
load. On the other hand, if the ZVS range is narrow, and the ZVS property is lost with relatively

high currents in the primary, the efficiency will suffer at light load. In this design the ZVS is
retained from 40% to full load current with 10% duty-cycle loss for six-segment PWM scheme.

It should be noted that Ly in eight-segment PWM should be less than half of the value of Ly
in six-segment PWM in order to maintain the same duty cycle loss at & =0 as stated by (B-4)
and (B-5).
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Appendix C

Test-Setup for Experimental Verification

" YOKOGAWA,
WT 3000

Measurement

|

YOKOGAWA, WT 230 —"F
R —

3-phase Input

Measulremetn 8 ——

i : : Agilent Technologies

Elgar, SW 5250M = MSO6014A
3-phase AC source R RS

YOKOGAWA
DL9505L

" Rectifier Prototype
Under Test

\\ S \ ~
— N

S

Probe Master
Model: 4231

Fig. C-1 Experimental test setup with list of equipment.
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