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ABSTRACT

Power conversion system design issues are becoming increasingly important in
state-of-the-art electronic systems, especially in computing and information system
applications. These issues include not only improving power conversion efficiency, but
also increased concerns regarding the cost and complexity of the power converters and
systems utilized to satisfy the host system’s total performance requirements. Further,
system integration techniques, which can be used in “building blocks” to implement a
wide range of power electronic circuits and systems, will be taking a critical role to
innovate conventional designs and also bring profound effects into practical applications.

This dissertation explores front-end converter design and system integration
techniques in distributed power systems (DPS), with the objective of achieving
improvements in converter topology, system performance, system configuration and cost-
effectiveness over conventional approaches. Key issues of single-stage (S?) power-factor-
correction (PFC) converters are addressed and the solutions to these issues ﬁe
investigated. An optimization design procedure of a family of S? converters, which is
based on the averaging circuit model and MathCAD tool, is developed and verified by
both simulation and experiment. A new PFC cell is presented with the direct-power-
transfer (DPT) concept, and a new family of S? converters is derived and experimentally
verified, which has excellent characteristics that help push S? converters into medium
power applications. A comparison study of high power down converters is conducted,

and in particular, experimental comparison of high power-level for secondary-side
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topologies is completed in this dissertation, which demonstrates that the current doubler
rectification topology is a viable choice for high-efficiency converters. The dissertation
also investigates system level techniques such as interleaving, paralleling and
configuration simplification. New interleaving method for high power converters is
presented and simulated results demonstrate its potentials in decreasing filter size and
increasing power density. New paralleling methods for power converters have been
obtained based on the comprehensive classification and evaluation of paralleling
approaches of power supply modules. The dissertation also describes the operation
principle, design considerations, and experimental results of an AC-DPS with multiple
PWM-wave buses. Finally, a redundant AC-DPS with trapezoidal waveform bus is

proposed.
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1. INTRODUCTION

1.1 Background and Motivations

Power conversion system design issues are becoming increasingly important in
state-of-the-art electronics systems, especially in computing and information system
applications. However, the basic power architecture in current electronic systems remains
the same as it was decades ago [1,3]. Many of current power architectures are no longer
effective in terms of performance and/or cost. For example, current stand-alone “silver
box” designs in computers are unable to meet transient voltage regulation requirements
for future computer systems. As a result, post-regulators (known as .voltage regulator
modules or “VRM?”) are being developed. The power processing combination of the
silver box and VRM is used to meet the future microcomputer’s stringent power quality
requirement, as shown in Fig. 1-1. However, VRM performance (e.g., efficiency and
transient response) is constrained to the limitations imposed by the silver box outputs. A
power processing structure where there are several conversion steps in series will lead to
an inefficient overall power system design, accompanying a relatively larger size and
weight [4,5]. A target area for reducing the power system cost is to eliminate and/or
simplify as many conversion steps as possible. This is especially true in light of the more
stringent power system performance objectives that lie in the future computer system

design [2-7].
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Also, it is very difficult to optimize the VRM design to further improve
efficiency. The size is also difficult to reduced. It utilizes a large amount of input and
output capacitors that contribute to the most part of the volume of VRM. In addition,
another drawback to the power system architecture shown in Fig. 1-1 is its inflexibility.
As a particularly important issue for high-availability/fault-tolerant computing systems

(e.g., workstations and servers), this inflexibility causes the following profound impacts

[8-11]:
Silver Box AC/DC Post regulators
__beme 12v : :
;' DO "g ' VRM #1 VRM #2
\/ W/ : 1-2v 33V ;
PFC | | DC/AC Post sv ;
B ‘l_ AC/DCH regulator E E
1 t
: VRM #3 VRM #4 H
AC/DC - 3.3V ! 2.5V 1.5V !

Fig. 1-1. Power processing combination scheme using silver box and VRMs for future

generation of computers.

1) As system power level increases, the distribution of multiple low-output
voltages becomes impractical and the silver box efficiency suffers.

2) Non-isolated VRMs may lead to potential difficulties with ground loops, load-
fault isolation, and system noise levels.

3) The power backup function at the output side of the silver box in the power
system is complicated, primarily because there is no common output bus.

4) A fault-tolerant system design requires a redundant silver box, and this

implies high system cost and complicated power architecture.
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Solutions to the above problems can be found in distributed power system (DPS)
structure [1,2,7-17]. Today’s power system in electronic equipment is actually a hybrid
system. As we see it, the trend toward distributed power and away from centralized
power is being forced upon the industry because of the use of ICs with lower voltages
and higher clock rates. The next decade projection from the Semiconductor Industry
Association points out the need for efficient supplies with less than one volt output that
can handle the load of processors with giga-hertz clock rates. Distributed power can meet
this need because it provides better point-of-load voltage regulation than centralized
power for high-speed, low-voltage microprocessor. However, the jury is still out on
deciding exactly what distributed power system design approach should be followed [1-
5].

Broadly speaking, there are two possible distributed power approaches: AC-bus
or DC-bus. The DC approach employs an intermediate DC voltage, say 48V, which is
distributed to multiple DC-DC converters in system. In the AC approach, an intermediate
high frequency AC voltage (might be 48V) is distributed to each AC-DC power supply in
the system. The DC outputs of load converters may range from 1V to 12V for computer
system applications.

A typical DPS architecture with 48 Vdc bus is shown in Fig. 1-2. Generally, four
to five power conversion steps are required to obtain ideal electrical specifications to
meet load need from an AC line input. One way to reduce the power system cost is to
eliminate and/or simplify as many conversion steps as possible. It is expected that this
will be the trend in future power supply system design. Compared to the above power

processing approach-combination of the silver box and VRM, with a 48 Vdc bus, VRM
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efficiency can be improved by as much as 3% [4,5]. Not only is the VRM efficiency

improved; but also the accompanying I’R loss is decreased in distributing power to the

i i i M S S R

VRMs from silver box.
Post-Regulators
................................ -
: T :
. ' ! AC/DC ‘
fmmmm e Frontend . . [ oopc | PSR '
H Y H N _ Other !
i : E ‘- DC/DC '
Line ' ' ; "'DC bus + | bame : i ‘
Input : PFC DC/AC {AC/DC |+ T DC/AC: AC/DC [ '
— i 148 Vdc | ;
: H i ' | beme l 5
i AC/DC DC/DC : ' DC/AC |AC/OC | :

Fig. 1-2. A typical architecture of DC distributed power system.

In fact, the DC-DPS is not a new concept, as it has been used extensively in
mainframe computer systems, communication systems, aircraft, fighting jets, warships,
phased-radar arrays, and space vehicles, and lately been used in the construction of the
international space station [7-12]. In the system of Fig. 1-2, although the front-end design
is now simplified, the power architecture in the system still requires five conversion steps
(an inner AC/DC or DC/AC as a step) to process power from the AC line to the system
loads. Three of these conversion steps reside within the front-end converter. Therefore, it
becomes a natural target for further simplification [18-24].

DC-DPS system has been an improvement over supply system of Fig. 1-1.
However, the complexity of the DC-DPS shown of Fig. 1-2 can be further simplified by
using high frequency AC-DPS structure. As shown in Fig. 1-3, AC/DC conversion step in

front-ended DC/DC stage and DC/AC conversion step in post-regulator of Fig. 1-2 are
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eliminated, i.e., two out of five power conversion steps that may be removed. The

resultant AC-DPS structure, if successful, can be expected to have less components and

higher efficiency [31-45].
TTTTTTTTF—=—"""7%
Front End ' AC/IDG—— !
[ Sadedadetetedatntadatbated ittt 3 1
' ‘ : _—— : Post-

Line v E "AC Bus" : ! regulator
input ¢ | PFC DC/AC |— ' AC/IDC— |
—_— t 48 Vac ! 1

! ‘ : 1 Magamp
¢ AC/DC DC/AC ! : ACDC— |
t )

____________________

Fig. 1-3. A typical architecture of AC distributed power system.

From a structural complexity viewpoint, we believe that the proposed AC-DPS
shown in Fig. 1-3 is a significant improvement over the DC-DPS counterpart system
shown in Fig. 1-2. These two systems have a common feature that the front-end
converters in DPS with AC or DC bus are implemented with two-stage schemes to meet
stringent power factor and harmonics regulations. In this two-stage scheme, an active
power-factor correction stage (usually boost converter) is adopted as first stage to force
the line current track the line voltage. The second stage is a DC/DC converter in a DC-
DPS and a DC/AC inverter in an AC-DPS, which provides the both isolation and the
tightly regulated output voltage to meet bus requirements. This two-stage scheme suffers
from some drawbacks such as an increased number of components, and a complicated
power train and controller. This is why such schemes are not ideal for a cost-effective and
efficient structure. We need to make sure if it is possible to further simplify power

conversion steps in front-ended through applying advanced power conversion techniques.
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This is just one of the major motivations of this dissertation work, namely, how to design
front-end converters with simplified system configuration, high efficiency, and low cost.

The above motivation drives us to incorporate advanced power conversion
techniques into the systems of Figs. 1-2 and 1-3 in order to obtain further simplification
of the overall DPS structure. An alternative solution to realize the goal is to integrate the
active PFC stage with the isolated high quality output DC/DC or DC/AC stage into one
stage, which is known as single stage (S®) converter with PFC or S? inverter with PEC.
The S? converter or S? inverter has the least number of components and uses only one
controller in the front-end power stage of DC or AC-DPS.

The underlying strategy of S® converter is to design the circuit in such a way that
it allows its PFC circuit and voltage regulation circuit to share the same power stage. It is
the S? converter that has least components and simplest controller. Therefore, by applying
S? converter to implement all the functions of a front-end converter in a DC-DPS, we will

obtain the simplest DC-DPS, as shown in Fig. 1-4.

Post-regulators

DC/AC ,AC/DC |——

‘ i H

- : DCIAC ! AC/DC| '

fmmmmmmmmem Frontend _ ___ - i | bcoe c '

i : px ' ' —_——- Oth :

. Single-stage (S°) | i Otter . :

Line ' converter 'DC bus": | pepe 7 :
Input E AC/DC : T DCIAci AC/IDC |— E
B With PFC | 48 Vdc ! g

: ' i | bcoe T ;

Fig. 1-4. Simplified DC distributed power system.
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Correspondingly, by applying the S inverter as a front-end stage in AC-DPS, we
will obtain the simplest system structure of the AC-DPS, as shown in Fig.1-S. So far
there is no significant research efforts in the proposed system structure as there is no

published work in the open literature.

Post-regulators

Front-end

e . : AC/Dg E
t | Singlestage (S5 | "AC bus": E
Line : Inverter ! ' ACIDC :
lput 4 AS/HFAC 1 48 vac | :
; With PFC ; : :
e SSSTTTIToooooooooo-- ‘ f AC/DC :

Fig. 1-5. Simplified AC distributed power system.

Although a certain number of S* converters have been reported in [17-23], all of
those S? converters are not for application to front-end converters in DC-DPS. So those
S? converter generally have low power rating and/or low efficiency. In order to use S?
converter into a DPS, its power level must be first pushed to/over medium power level.
Currently this is one of the most challenge issues to useful application of S? converters
into DPS. Other issues include high bus capacitor voltage-stress, wide DC bus voltage
range, difficult design for power train, and low efficiency at relatively high power output.
Thus, the target of this work also aims at the above issues and present new approaches to
innovate conventional power conversion techniques.

Today’s electronic systems become more and more sophisticated. In many of
advanced application cases, it is difficult for a single power converter or power supply to
meet all system performance requirements. In particular, for a high power, high reliability

power system, system integration technology employing multiple power stages or
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multiple converters have gained rapid acceptance in recent years [47, 48].

In fact, system integration techniques cover very extensive multiple branch
research areas, such as interleaving techniques, paralleling, system simplifying, stocking,
device integration, control integration and packaging integration etc. System integration
techniques can be used in “building blocks” to implement a wide range of power
electronics circuit and systems

For almost all practical DPSs, another common feature is that multiple power
stages or converters are simultaneously used in a DPS. So another study subject of this
dissertaion work is placed in system integration techniques, that is to say, how to achieve
good system performance by integrating multiple power stages or multiple converters
into a DPS.

Theoretically, changing the “DC” power distribution to “AC” power distribution
can substantially mitigate the cost and complexity of DC-DPS. Then the question arised
here is why such a concept has not been extensively adopted in today’s power systems.
This is because there are still some of the existing technical challenges with respect to the
development of an applicable AC-DPS. Furthermore, unlike the DC-DPS structure with a
considerable amount of available design documents, the open literature shows that the
research of AC-DPS is still in conceptual stage. Significant work remains to be done

ahead.

1.2 Dissertation Outline and Major Results

The dissertation is organized into three parts and divided into nine chapters,
including the conclusion chapter. Part I consists of Chapters 1 and 2 and reviews current

techniques of distributed power systems. Part II consists of Chapters 3, 4 and 5 that
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focuses the study on front-end converters to be used in DPS. Part III consists of Chapters
6, 7 and 8 and brings investigations into system level technology, namely, system
interleaving, paralleling and simplifying. Please see framework description about this

dissertation coverage, as shown in Fig. 1-6.

Review

- = - - - ———

Part II Front-end Part III System
Converter Design Integration
Techniques  : &+ ____ " Techniques

\
Chapters 3 and 4

\Y4
Chapters 6 and 7

Fig. 1-6. Framework description of dissertation coverage.
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Chapter 1 presents background and motivations of this work, and provides a
baseline assessment of distributed power systems.

Chapter 2 offers a review for current techniques in distributed power systems, and
identifies what the issues and challenges are in this research direction. These issues
include not only improving efficiency, but also increased concerns regarding the cost and
complexity of power supplying system. Major potential advantages using AC bus into
DPS include simplified system configuration, low cost, high efficiency, and ease of
voltage and current transformation. However, several practical issues still exist, including
high EMI level, difficulty to back up power, non-redundant system structure and limited
post-regulation approaches, etc.

Chapter 3 addresses key issues of S® converters, and possible solutions are
explored. The high bus capacitor voltage-stress generally makes most of existing S2
converters impractical. The inherent reason of high DC bus voltage is in power unbalance
between the input and the output. Another challenging issue in designing S? converters is
wide DC bus voltage range, which makes the design of a high efficiency converter to
very difficult. An optimization methodology, which is applicable to most of S2
converters, has been presented and verified through both simulation and experiments on
the basis of a 150 W prototype at 28 V output. From the research on target S? converters,
it can be generalized that higher the turns ratio, lower DC bus voltage, wider DC bus
voltage range, larger boost inductor and wider duty cycle at nominal condition result in
higher efficiency at the same operation mode.

Chapter 4 first introduces a new direct power transfer (DPT) concept to

implement high efficiency S? PFC converters. Then a new PFC cell with DPT feature,

10
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called “flybcost”, is presented. It combines functions of flyback transformer and boost
inductor. By having the flyboost cell operating in DCM, only a simple control will be
required to achieve high power factor (greater than 0.97). The flyboost cell also
significantly helps improve the efficiency above 5% over converters without using
flyboost. Another important characteristic of the flyboost cell is that it will also
automatically limit the DC bus voltage through a properly designed flyboost transformer
and power train, which means that the converters using flyboost PFC cell can operate
either DCM+DCM mode or DCM+CCM mode. As a result, the proposed converters are
especially suitable for universal voltage applications with higher power handling
capability than other known S? converters. By combining the flyboost cell and any family
of other DC/DC conversion cell, we can obtain new family of S2 PFC converters.

Chapter 5 presents a comparison study of high-power down-converters to be used
in front-end converters of DC-DPS. In primary-side topologies for medium input voltage
level such as 400Vdc, ZVT-PS-FB topology is the best choice. In primary-side topologies
for high input voltage such as 800Vdc bus, generally, the topologies based on multilevel
cell combination have relatively simple structure and low switch number. The topologies
based on association of converters have higher magnetic volume than the structures based
on multilevel cell association. For the secondary-side topologies, though the current-
doubler rectifier has higher efficiency, the center-tap counterpart may have somewhat
benefits in terms of cost and power density. In summary, regardless of primary-side or
secondary-side topologies, the desirable approach would vary depending on which
criteria is deemed most critical, such as cost, size, or efficiency. It also varies depending

on specific application.

11
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Chapter 6 investigates system integration technique using interleaving to be suited
for high power topologies. According to frequency relationship between switching
frequency and output ripple frequency, topologies are reclassified into secondary-side,
same-frequency rectification topologies and secondary-side, double-frequency
rectification topologies. It was found that the conventional interleaving techniques are
actually suited only for the secondary-side same-frequency rectification topologies. For
secondary-side double-frequency rectification topologies, phase-shift quantity among
module control signals for N interleaved modules shouid be reduced to z/N. Typically,
for the two-power stage case, a special quarter-cycle phase-shift between two control
signals is required, not the previous half-cycle (180 degree) phase-shift. The
characteristics achieved from the new interleaving method are as the same as those by
conventional one, such as increased output ripple frequency, automatic ripple
cancellation, and less EMI level, etc.

Chapter 7 details investigations into system integration technique using
paralleling. Based on the classification of paralleing approaches of power modules, some
new active current-sharing schemes can be obtained by proper combination of the sharing
control structures and the current-programming methods. For instance, a combination of
the inner regulation sharing control structure and current-programming scheme of an
automatic master can be expected to achieve some special advantages. This chapter also
gives a comprehensive evaluation of paralleling schemes for. power supply modules. In
summary, each paralleling scheme has its own merits and limitations, and each
application has different criteria. The author’s opinion is that there is no single best

scheme suitable to all paralleling systems at the present time.

12
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Chapter 8 explores another system integration technique-simplifying by using HF
AC bus. A new DPS with multiple HF PWM buses is proposed and experimental
prototype was built with a total of 210W output power for three independent outputs, i.e,
3.3V@30A, 5V@104A, and 12V@5.1A. The experimental results demonstrate that the
proposed system works fine and a comparable efficiency around 80% can be obtained by
this simple DPS system. In order to realize system redundancy, a new AC-DPS with
trapezoidal waveform bus is presented and a conducting scheme is proposed. The scheme
is expected to combine major advantages and eliminates main disadvantages coming
from both of conventional sine-wave and square-wave buses.

Chapter 9 summarizes the conclusions of this work and contains suggestions for

future work in related research areas.

13
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2. REVIEW OF DISTRIBUTED POWER SYSTEMS (DPS)

2.1 Introduction
Basically, there are three different types of “power supply” architectures, i.e.,

centralized power system, modular power system and distributed power system (DPS), as

shown in Fig. 2-1.

V1
V2
Vin { V3 (a) Centralized Power System
P Vi
Vin —4 ¢ 7T V2 (b) Modular Power System
o m V3

Vi

V2 (c) Distributed Power System
Vin ____|

V3

Local converters

Fig. 2-1. Three types of “power supply” architectures.

The features of centralized power systems are:

1) One power conversion stage is located in one physical location in the system.

2) Multiple outputs are generated and bussed to the load.

14
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The advantages of centralized power systems include concentrating all the power
processing technology-including thermal management into a single box that can be
designed, subcontracted, or purchased as a stand-alone item. However, this system often
fails to provide adequate performance for new generations of electronic equipment.

Comparatively, modular power systems include features:

1) Multiple power conversion stages or converters are located in one location in
the system, usually far away from the load.

2) Voltages and current can be combined to meet load requirements.

Modular power system is particularly suited for high power design. High power is
achieved by paralleling multiple small power stages in a single package, producing the
physical equivalent of a single large device. This way, power modules are easily
standardized and traditional low power converter design techniques can be used.
System’s potentials for improved functional performance depend on both the individual
power cells and their aggregation.

Distributed power systems, usually employing the modular design technique,
incorporate the advantages of modular power system. But all outputs of the front-end
converters will go to the intermediate bus by paralleling technology. Its basic
characteristics are:

1) Multiple power conversion stages and/or converters can be allocated in
different locations.

2) Intermediate voltage is bussed around the system; and

3) Multiple DC/DC converters located at the point-of-use are used to provided

the local voltage.

15
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While the ultimate extension of this concept is the “on-board” regulator or power
supply, many other solutions for distributing power processing tasks are common. Before
going to deep discussion for various issues, it is helpful to understand the motivation for

considering distributed power.

2.2 Characteristics of Distributed Power Systems

DPS approach is gaining increased acceptance in many of advanced electronics
systems due to its various attractive characteristics over traditional “power supply”
architectures. The features listed below are summary of recent research work in
references [7-17]. While not all of the following list potential advantages are common to
all distributed power configurations, it is still a list worthy of consideration during any
power system definition phase.

1) Thermal Management and Packaging: Modularization is a major
characteristic in a modern DPS. Cellular power processing system can take advantage of
a heat sink area much more effectively than can a single power module, and so lower cost
thermal manipulating (air-cooling) rather than expensive liquid cooling technologies can
be employed. Obviously, thermal design becomes simplified. By distributing the sources
of heat generation, thermal managemept can often rely on conducted and radiated
cooling, sometimes eliminating the need for air moving equipment, compact package can
be achieved.

2) Module Size Reduction: Modular design in DPS may provide increased power
density because lower power modules can operate at higher switching frequencies with

reduced filter component size. Interleaving (phase-shifting of clock signals) of parallel

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



modules increases the ripple frequency, leading to reduction of the overall filter size. In
addition, the small devices with less parasitic elements have considerable advantage as
the switching frequency is increased.

3) Less EMI and Harmonics: By using interleaving technology for front-end and
load converters, ripple frequency can be increased and the phases of the stages can be
shifted to be beneficial to cancel ripples each other. Therefore, ripples are more easily
manipulated than in a higher power, single power converter. Furthermore, aggregated
outputs of parallel modules produce a low energy density spectrum with stochastically
reduced harmonic components. The effects of aggregation considerably reduce both
acoustic noise and EMI.

4) Modularity and Standardized Designs: DPS’s layout is very suitable for
modular system design. A centralized power supply almost by definition must be
designed specifically for each new set of requirements. A goal of a modular design is the
availability of standardized off-the-shelf modules or designs which could be combined in
a variety of ways to meet a specific application. This has various benefits in development
time and engineering costs as well as the confidence gained from using pre-qualified
power components.

5) Redundancy and Reliability: An important characteristic of a DPS is the
possibility of configuring a redundancy system using more modules than the minimum
required by the load. Usually (m+r) modules are used, where m is the minimum number
of modules required delivering the load power and r is the number of redundant units
(usually 1), which gives the system the ability to tolerate r failures without impact.

Redundancy is desirable in many high reliability applications. Moreover, the paralleling
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in DPS reduces electrical and thermal stress on semiconductor devices. In addition, the
higher switching frequency of parallel converters results in a higher control bandwidth,
and so a parallel system can respond more quickly to abnormal and damaging system
conditions, such as short circuits and overloads. These simple arguments indicate that
though the number of components in a parallel structure may go up, the reliability of
overall system is still increased.

6) Availability and Maintainability: Availability is defined as the fraction of time
the converter is expected to be operational. When using a Mean Time Between Failure
(MTBF) and a Mean Time To Repair (MTTR) as specifications, we will find that the
availability of parallel system is much higher than in a single, high-power supply, since
repairing a paralleling system involves only replacing a single standard cell [47]. In
addition, a properly designed parallel configuration allows the on-line replacement (hot-
swapping) of defective modules. This provides the means for non-interrupting
maintenance and repair.

7) Point-of-Load Regulation: DPS configuration facilitates placement of a power
supply in close vicinity to the load for improved voltage regulation and dynamic
response. If the load converter can be fabricated with sufficiently high power density, it
can be placed directly on a logic board next to the load (so called “on-board
application”). This characteristic is expected to use to meet challenging requirements for
new generation of processors.

8) Flexible System Structure and Layout: Unlike centralized power system with
only one power converter, DPS can realize very complicated power “supply” architecture

to meet different load requirements in an electronic system. For instance, hot-plug
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redundant system can be obtained by power module paralleling; by using cascading
connection, the point-of-load regulation can be obtained and wide input voltage can be
easily accommodated. In addition, based on the consideration of reliability, you can use
multiple resources to supply power to the bus, such as utility resource, generator, and
battery, etc. Also, loads could be split to obtain distributed load regulation and reduced

noise coupling.

2.3 Basic Distributed Structures

Although distributed power architectures can get quite complex and specialized,
most are either derived from or combinations of five basic configurations that are shown
in Fig. 2-2, including parallel, series, split source, split load and stacked modules. It
should be recognized that in addition to different interconnections, each of these
approaches represents a solution to a different set of objectives. A description of these
architectures and their characteristics is given below:

1) Paralleling: Paralleling power modules infers a common source and load.
This usually means retaining a central location where a single high power supply is
replaced with a grouping of paralleled lower power modules. While power processing is
distributed, it may not be distributed very far. Parallel connections are often generated by
the need for standardization and redundancy rather than reducing distribution losses.
With higher reliability as an objective, equalizing stress by insuring load sharing between
modules is usually required. Configuring power converters for current sharing when

paralleled is not a trivial problem but IC’s for that purpose as well as the use of current-
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mode control methods provide ready solutions. In some of literature, such a configuration

is often referred to as a modular power supply system.

Converter #1
(a) Paralleling
Converter #2
(b) Cascading — Converter #1 — Converter #2 —
| Converter #1 V1
(c) Stacking ]___ viFv2
|| Converter #2 /]\V2
Additive stacking
Converter #1 /i\Vl
V2
Converter #2 B TVZ'Vl
Subtracting stacking
Source #1
Converter #1
(d) Source
splitting Source #2 —
—_— Converter #2
Load #1
Converter #1 BN
(e) Load
splitting Load #2
Converter #2 SN

Fig. 2-2 Basic distribution structures (a) paralleling, (b) cascading, (¢) stacking, (d) source
splitting, and (e) load splitting.
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2) Cascading: With a cascaded power system, an intermediate bus voltage is
developed with each interconnection as shown in Fig. 2-2 (b). A typical cascaded system
would be to follow a power factor correction pre-regulator with a down converter. Since
each block handles the same current, it would not seem prudent to process the power
twice, however there are offsetting benefits, specially in the example of two stage front-
end converter, the PFC stage, in addition to removing distortion in the input line current
waveform, accommodates a wide range of input line voltage variation and provides a
roughly regulated intermediate voltage of 380 Vdc. Using this voltage on the bulk storage
capacitor provides a very efficient means of accommodating long hold-up requirements.

The down converter then reduces the 380 Vdc to a more manageable bus voltage
but, with minimum input variation, this converter can be designed very efficiently with
large duty cycle and have a fast control loop for good dynamic load regulation.
Additionally, with this structure, point-of-load regulation is easily obtained.

3) Stacking: Stacking of converters (usually DC/DC converters) allows
combining the outputs of individual converters to obtain voltage different than the
nominal voltage of each individual converter. This technique can be used to obtain non-
standard output voltages using standardized converter modules. Taking high voltage
application for instance, the additive stocking configuration of Fig. 2-2(c) provides output
voltage equal to the sum of the nominal voltages of stocked converters. For low voltage
applications, the subtractive stacking configuration provides output voltage equal to the
difference between the voltages of the individual converters, thus providing an improved

overall efficiency in some appiications.
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4) Source Splitting: Splitting structure shown in Fig. 2-2(d) allows the use of
separate power sources to supply a common lead. The typical applications are:

a) Battery Backup: Many systems require uninterrupted power supply operation. Battery
backup is the technology most commonly used to provide a temporary power supply
in the case of a primary power failure;

b) Separate Phase: Another form of power source redundancy can be achieved by
supplying power to the equipment from separate utility phases. In such a case,
redundancy is achieved by using separate power processing unit for each phase;

c) Multiple Buses: An additional level of system redundancy can be achieved by using
multiple power distribution buses and using a separate load converter for each bus.

5) Load Splitting: Load splitting is a configuration where separate load converters
are used to supply different loads, as shown in Fig. 2-2(e). The most common
understanding of distributed power assumes split loads where different portions of the
system are each powered by their own power-processing unit. Load splitting is used
based on the following considerations:

a) Distribution power: in many large-scale systems (spacecraft, mainframe computer,
etc), loads are physically distributed over substantial distances, also multiple voltage
levels are required;

b) Regulation: in systems with distributed loads, centralized power supply often cannot
provide adequate regulation at the point-of-load due to the bus impedance. This
problem is eliminated by using a DPS with the separate load converters located in

close proximity to each load.
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¢) Noise decoupling: when several loads are connected to a common power distribution
bus, noise interference may occur between the loads. Load splitting technique
minimizes this problem by introducing more load converters with the individual

filters. An additional advantage is the possibility of isolating noise-generating loads

from the rest of the system.

2.4 DC Distributed Power Systems

DC-DPS structures have been gaining increased popularity and are becoming
mature technologies due to numerous attractions to industry. The application range from
small several hundreds of watts personal computers, through 1 kW military electronic
systems, to 100 kW commercial mainframe computers as well as telecom industry.

Figure 2-3 shows the mostly common implementation of a distributed power
systems being used in many industry sectors such as communication system, computer
system and advanced electronics equipment. The first block in foreword power path be
designed for either single or three phase inputs to provide the line conditioning, power
factor correction, EMI filtering, line pre-regulation, and energy storage at a high bulk
voltage capacitors.

The second block in the forward path is typically a forward down converter
operating with tight voltage regulation for maximum dynamic response to load variations.
A transformer is included for isolation and efficient step-down to the bus voltage.

The load converters are connected between the bus and loads either in single or
in parallel to handle high load currents and insure reliability. The front-end converters

and load converters all can operate in parallel to provide the required power and n+7

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



system redundancy. Also, DC battery backup and AC generator backup are provided to
system. Therefore, the system is completely protected from any single-point failure and
shut down from utility system. When utility power is shut down, the power from battery
will supply DC bus, with time the backup generator will be started up while the bus

voltage drop down to some preset level.

Multiple Energy N+1
Sources Redundancy
AC line
CB
Back up generator | Bus connected to

back up battery

Fig. 2-3. A typical example for distributed power system.

2.4.1 System Design Considerations
Design of a DC bus DPS involves a number of trade-offs and choices related to
the selection of distribution bus voltage, optimization of the front-end and load
converters, and integration of the system. They are discussed as follows:
1) Bus Voltage Selection
Selection of the bus characteristics is an important step in DPS design since it

affects all power system components. The level of bus voltage and degree of bus voltage
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regulation are the main characteristics of the DC bus. The major considerations in the

selection of the DC-bus voltage are [7-11]:

a) Power level: To minimize distribution losses, bus voltage must be sufficiently high to
reduce distribution currents to acceptable levels. This implies higher bus voltages for
higher power systems.

b) Power losses: With the recognition that losses in the distribution network are usually
determined by I°R, higher bus voltage levels with correspondingly lower currents
make for a more efficient system.

c) Safety considerations: If safety is an important consideration, the bus voltage must be
within safety-defined levels. In most cases this means a bus voltage below 60 V DC.
To avoid possibility of a sustained arc, a bus voltage below 32 V must be selected [8,
10]. An equally troublesome feature is that this voltage (actually any DC voltage much over
32V) may sustain an arc which makes every switch and connector a significant problem.

d) System simplification and dynamics: An interesting counterpoint to a high voltage bus
is the use of a very low voltage DC for distribution. The decision here is to accept
some I’R losses in the distribution bus in return for very simple, low cost point-of-use
regulators. While this demands good regulation of the bus voltage, say around 5V and
a well-engineered network, the gain is that the local on-card 5V regulators can be
simple, low-drop linear types. These provide excellent dynamic load regulation at a
very low cost.

e) Isolation consideraﬁon: While the transmission losses are low with high voltage, each
point-of-use will require a relatively sophisticated DC/DC converter which must
include a transformer (albeit at high frequency) for voltage step-down to load levels.

f) Bartery backup requirement: In many systems with a battery backup, the bus voltage
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must be compatible with the battery voltage to eliminate the battery discharger unit.
In some applications (e.g., telecom) this single item determines the bus voltage level.

2) Regulation of Bus Voltage Range

The regulation of bus voltage has a serious impact on the power system
components. A tightly regulated bus allows the optimization of the load converters for
maximum efficiency. To provide a tightly regulated bus voltage, however, the front-end
section must include a regulating stage, typically a DC/DC converter. As a result, the
efficiency of the front-end section is reduced. Hence the bus voltage regulation must be
specified based on the overall system performance after careful consideration of the
involved trade-offs.

3) System Hold-up Time

Typically, most power systems have a requirement to maintain some intelligence
for a specified period of time after removal of the input supply. Without a backup power
source, this means energy storage somewhere in the power path. If only a small and
defined portion of the load has the holdup requirement, it might well be provided with
capacitor storage at the point of use; but more often the location of hold-up energy will be
on or before the distribution bus. So it might be another important criteria that is used to
define the bus voltage level.

Since energy stored in a capacitor is proportioned to the square of the voltage, it is
clear that the higher the voltage, the less capacitance is required for the same energy
storage.

To derive a general formula, if we assume a constant load power, Py, and require

a Tho millisecond as a hold-up time during which the bus voltage is allowed to drop
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from V| to V; by no more than 20%, the value of the required storage capacitance, C, is

given by Eq. (2.1):

2
C=% 2.1)
nw-n

4) System Cost

It should be clear that there are some additional system level factors to consider
such as cost. While many cost-saving components, materials, and manufacturing
techniques have been developed, the fact remains that one is unlikely to be able to build
two converters as inexpensively as one. So it would seem that when compared just on the
basis of hardware costs, a distributed power system will most likely more expensive to
procure centralized power supply. Obviously, there are many other factors which enter
into the equation and the growing popularity of distributed approaches can only attest to
the many offsetting benefits.

5) System Integration and Interactions

One of the primary concerns associated with the application of DPSs is the system
integration and interactions between the components of the DPS. This issue has been
often ignored in the development stage. The potential sources of the dynamic interactions
in a DPS are related to paralleling and cascading of converter modules. In most
applications, an EMI filter is necessary for each DC/DC converter in the DPS that
drastically increases system complexity and potential for interactions among the system
components [12-15]. In some cases, instabilities can occur when individual power
processing units are stable and connected together. A few but certainly not all of these

characteristics are discussed below:

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a) Parallel Converters:

In the paralleling power units to deliver shared current to a common load, the
location of the output capacitor can have an effect. While it might be easy to assume that
a large capacitor located as close to the load as possible would give the best dynamic
performance, stability then becomes a function of the number of modules. Paralleling
multiple modules lowers the total output impedance, which can boost the crossover
frequency of the overall system closed loop. The preferable approach is to incorporate the
output capacitor into the modules where the loop bandwidth will remain constant,
regardless of the number of paralleled units [12].

b) Cascaded Converters:

Since a DC/DC converter is designed to deliver constant power to its load, its
input impedance is a negative resistance. A front-end converter optimized for a resistive
load can often become unstable when connected to this negative resistance. If the driving
converter is a buck-derived topology, this problem can often be addressed by raising the
crossover frequency of that unit; however, that solution may not be practical with a boost
or other topology, which contains a right half-plane zero. Under these conditions,
substantial reductions in bandwidth may be required. Another way of assuring stability of
cascaded converters is to design them so that the magnitude of the source impedance of
the driving unit is smaller that of the input impedance of the following converter. The
stability would be assured if this criteria could be met over the entire operating
bandwidth, however this is often difficult to achieve and overly restrictive [12, 13].

A typical example is shown in Fig 2-4 where two cascaded converters are

considered, the transfer function for the combined system can be described as:
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Fig. 2-4. Prediction of stability for cascaded impedances.

If Z, is larger than Z;, there is a loading effect that can be analyzed using the
Nyquist criterion to determine the stability. Drawing a polar plot of the loop gain Ty will
help define the phase margins at the points of overlap. With knowledge of the phase of
the source output impedance, a phase band for the input impedance of the following stage
can be defined which will ensure both stability and minimal performance degradation.
For additional details of this method, see Reference [13-15].

c) EMI Filter Interaction:

Most switching converters need some form of input EMI filters for noise
suppression. Paralleling multiple converters, particularly when driven from a pre-
regulation processor that has its own input EMI filter, can cause undesirable interactions.
A possible action to alleviate this problem is to use a two-stage filter between cascaded
stages, as shown in Figure 2-5. The first stage would be common to all modules while the

second stage is built into each module independently. The separate secondary filters will
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reduce the ripple current on the distribution bus but, even then, some damping may be

required to eliminate undesirable effects.

SINGL STAGE PARALLELED
FILTER LOAD FILTER

bC/DC

DRIVING

1
SOURCE I

LOAD

DISTRIBUTED
BUS

NW\T
1
. —/VW\—t]]—j—— DC/DC

Fig. 2-5. Stability enhanced with single source filter driving paralleled input filters.

d) Switching Frequency Interactions:

It seems prudent, although perhaps not always necessary, to synchronize the
switching frequency of all the power modulators within a system. This can sometimes be
difficult, as, for example, when isolation boundaries must be crossed, or where one unit is
designed with a switching frequency significantly higher or lower than others within the
system. Bruce Carsten [16] recommends a phase-lock loop system, which, in addition to
a frequency lock, can be set up with phase-shifts to prevent simultaneous switching.

6) General Analysis Procedure of DPS

In a DC-DPS structure, stability analysis and controller design are currently based
on reduced order system modeling method and impedance match analysis method [12-
15]. The following is a general procedure:
a) Modeling of each power stage as a subsystem;

b) Large and small-signal simulation of individual subsystems;
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c) Integration of subsystems to form the complete system;
d) Worst-case performance analysis;

e) Fault simulation and solutions;

f) Compatibility analysis between the power stages;

g) Large-signal stability analysis of the entire system; and

h) Experimental verification of theoretical design and simulation of DPS.

2.4.2 Investigation of Current Techniques

1) Bus Voltage Level

As for the bus voltage, between 6V and 360V there is obviously a lot of room to
maneuver. Many industrial controls use 24Vdc while the military and aerospace have a
long history of standardizing on 28Vdc. Often the choice of bus voltage is defined by the
output level of some difficult-to-change source, for example, the voltage provided by the
backup battery.

The —48V batteries, which have been in use by telecommunication companies for
years, fall into this category. With the backup battery defined, it was easy for the
telecommunication industry to select 48Vdc as their bus voltage of choice. This voltage
level received added emphasis with the European Telecom Standards EN41003 and
UL1950 that designate 60Vdc the maximum SELV (Safety Extra Low Voltage) limit.
With agreement on 60V as the maximum voltage which will not create a hazard, a
nominal bus voltage of 48 V has become a widely accepted as the best compromise
betweenn 1GW distribution losses and safety. As such trend, if there were anyone voltage

level which could be considered a standard for distributed power, it would be 48V.
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One such standard has been defined in the future bus backplane distribution
specification for computer applications, designated IEEE 896.2 —1991. In addition to
several low-voltage bus levels, this specification defines a 48 volt level with a tolerance
of 3~ to 54 volts. An additional requirement of this standard is that this 48V bus must be
a fully isolated power source. That gives the user the opportunity to make it a 48V, +
24V, or any other combination. This means that the most versatile load modules will in
turn be isolated so that the load and not the source will define the ground.

Another fact is that Intel Corporation specifies 48V as bus in sever DPS, this
would also be the trend for future generation of computers that will use DPS [46].

2) Front-end Converters

A front-end converter, including a PFC pre-regulation converter and a followed
down converter, is sometimes referred to as a line conditioner or a prime power converter
that perform one or all of the following functions:

a) Line rectification and filtering;

b) Power factor correction and input line current harmonic reduction;
¢) Down DC/DC conversion; and

d) Energy’ storage for hold-up time.

In the simplest DPS, the input filter and diode rectifier are the only parts of the
front-end power processing (FEPP). The bus voltage is unregulated, and the load
converters must be designed to accept a relatively wide input voltage range. If a PFC is
required, additional circuit will be added to FEPP, and the circuit is referred as to PFC

pre-regulation converter.
Generally, there are three types of front-end converters to implement AC/DC

conversion with PFC and DC voltage regulation, namely, passive PFC converter, active
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two-stage PFC converter and active single-stage PFC converter, as shown in Fig. 2-6 (a),

(b) and (c). The major performance comparison for three alternative methods is listed in

Table 2-1.
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Fig. 2-6. Three PFC approaches: (a) passive PFC converter, (b) active two-stage
PEFC converter, and (c) active single-stage (S?) PEC converter.
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Table 2-1 Performance comparison of three front-end converters

Performance Passive PFC Active Two- Active Single-
i Review stage Stage
§ THD High Low Medium
Power Factor Low | ngh N Medu;n “
A”Efﬁcienc& | High “ Medi;.m - —]_;dov;wi ‘
Size Large Large Small
Bul Cap Voltage ~ Variation =~ Consamt  Vatiation
| Control Simple Complex  Medium
Component Count Least Most Medium
Power Range <300 W Any <300 W
Design Difficulty Low Medium High

At present, the two-stage PFC converter scheme is a mainstream in industry. In
the two-stage scheme, an active PFC stage (usually boost converter) is adopted as the
first stage to force the line current track the line voltage. Its power handling capabilities
can range from a few hundred watts to several thousands. This stage utilizes a 50-150
kHz switching frequency, and with reasonable effort, achieving a conversion efficiency
around 95%. The boost topology provides a non-isolated, high voltage DC output [17-
23].

The second stage is a DC/DC conversion stage, which provide the isolation and
the tightly regulated output voltage to meet the DC bus requirements. With a roughly
regulated input voltage and a tightly regulated output of bus voltage level, this converter

can usually achieve near 92% efficiency under hard switching operation and 94%
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efficiency under soft switching condition even with switching frequencies above 100
kHz. The circuit topology can be single-ended for power levels in the range of a few
hundred watts, but above a kilowatt, a full bridge topology is usually needed [23-26].

The two-stage scheme suffers from some drawbacks such as the increased number
of components, complicated topology and complicated controller. This is why such
schemes are not ideal for a cost-effectiveness design.

An alternative solution is to integrate the active PFC stage with the isolated high
quality output DC/DC stage into one stage, forming the so-called single-stage (S?)
converter, as shown in Fig. 2-6 (c). The underlying strategy of this scheme is to design
the circuit in such a way that it allows its PFC circuit and voltage regulation circuit to
share the same power stage. It is the S? converter that has the least components and the
simplest controller. By applying S? to implement all functions of a front-end converter,
we will obtain the simplest DPS. Although these have some limitations that have
prevented widespread use, they may be applicable in the specialized applications,
particularly for the cases from low power to medium power systems [17-23]. Several
favorable topologies are active clamp flyback [17] and other single-stage power factor
correctors with a boost type input [19-23].

The major issues in a S PFC converter have been identified in Table 2-1. It is

because these practical issues that are blocking this technique to extensive industry
applications.

Another relatively new consideration for a circuit topology applicable to the
frond-end converters is soft switching techniques such as zero-voltage-switching (ZVS)
or/and zero-current-switching (ZCS), zreo-voltage-transition (ZVT) phase-shifted controly
for a bridge power stage etc [24,25,26]. Even with switching frequencies approaching

1MHz. This soft switching will provide very efficient power conversion in a high power
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density configuration. In addition, new control techniques such as peak current control,
average current control, hysteretic control, etc. have been used in front-end converters.

In high-reliability systems it is necessary to use the parallel front-end DC/DC
converter modules. To provide the optimum performance, current sharing between the
modules must be assured. Most current-sharing techniques use a current-sharing bus to
provide a common voltage to control the current supplied by each module. “Democratic”
current-sharing techniques are preferred to the single sharing bus “ automatic master-
slave” configuration [46-48].

To reduce the system noise, modules can be operated with the fixed phase-shift
(interleaving, phase staggering). This technique, however, is difficult to use in an expand-
able system, where the number of modules is not predetermined, and no control circuitry
outside the modules is allowed. A desirable synchronization scheme would be included
inside identical modules, and would automatically change the phase-shift according to the
number of operational modules connected to the bus [47].

3) Load Regulators

The success of the DPS concept depends largely on the availability of small,
efficient, low-noise, and low cost load converters. Substantial research efforts have been
devoted recently to the development of new circuit techniques suitable for high-density
load converter modules. Clearly, the choices will be made on the basis of each specific
requirement where performance and efficiency can be weighed against cost and
simplicity with power level being an additional variable. For the non-isolated
applications, some possible choices that might be preferred are: simple buck and

synchronous buck converters. For the isolated applications, the choices may be active-
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clamped forward converter, push-pull converter, symmetrical and asymmetrical half-
bridge converters, and PS-FB converters as well as their modified version converters.

Several state-of-the-art designs have been developed for the on-board converter
applications, including a HF soft switching converters [26,27], multiple-phase interleaved
converters [28,29], load converter with the integrated magnetics [30,31]. All mentioned
circuits could typically achieve power density in a range of 50~200W/in® and around 90%
efficiency, mainly depending on the output voltage levels.

Current research efforts suggest that the major improvements are necessary in the
power semiconductor devices and magnetic materials to achieve the desirable density and
high efficiency. In particular, the low-voltage MOSFETs designed specifically for
synchronous rectifier applications could dramatically improve the efficiency of the low-
voltage load converters [28-30]. Commercial applications are pushing the power density
and the efficiency of on-board power converters higher.

In order to meet the demands for faster and more efficient data processing,
modern microprocessors and digital circuits are being designed with lower voltage
implementations. New high-performance microprocessors may require from 40 to 80
watts of power for the CPU alone. Load current must be supplied with up to 30A/us slew
rate while keeping the output voltage within tight regulation and response time tolerances
[2-4].

Based on the challenge requirements for new generation data processing loads,
high-input-voltage and high-performance DC/DC will replace most of today’s voltage
regulator modules that use synchronous rectifier buck topology that needs large input

capacitor and has asymmetrical transient response. Advanced topologies that are being
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used or developed are: quasi-square-wave (QSW) buck, synchronous buck converters
modules for non-isolated use; forward, push-pull, symmetrical and asymmetrical half-
bridge converters for isolated use. All of these topologies can be implemented by
interleaving technique, current doublers technique as well as control techniques such as
PWM voltage control, PWM current control, variable frequency current control and

hysteretic control.

2.4.3 Issues and Challenges

In view of the numerous advantages of DPS, there is no doubt that DPS will
eventually replace centralized architectures in most high, many medium, and some low
power supply systems, particularly for new generation of computer and electronic
systems. To make DPS more viable in practical applications, however, many issues still
need to be addressed. Also the following challenges can be currently identified.

1) Simplification and Cost of System

In the great majority of cases, the success of a practical DPS in the marketplace
will depend on economics. Manufacturing costs for a distributed power modules are
currently higher than those for centralized power supplies. One of the important reasons
is that multiple power conversion steps are needed from input to anyone output. [n some
of cases, many independent converters exist in the system to replace the centralized
power supply. Some circuit components, such as power devices and drivers, snubber
circuits input and output filters for each converter in the system are inevitably replicated.
As more and more cells are used, the replicated component costs become a higher

fraction of the total.
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Another reason is the complexity of control circuits. Some circuit components,
such as sensing and control circuits, are not distributed among converters, but are
replicated. Moreover, introduction of a current-sharing control circuit or interleaving
circuit will further increase costs. Therefore, the simplification of a control system is also
important for reducing cost, especially for low power applications.

High manufacturing costs (measured in dollars per watt) may cause an
economical barrier in some applications where DPS architecture is desired, but eco-
nomical considerations are an overriding factor. To make DPS approach attractive for
these applications, the manufacturing costs must be reduced. This can be achieved by
extensive standardization of the DPS subsystems and the full utilization of the surface-
mount technology.

2) Analysis and Design Techniques

The design of the overall control system is a crucial issue, since it heavily impacts
the cost, the reliability and other performances of a distributed power system. But it is
very difficult to conduct feasible trade-offs for a practical DPS. Some conflicts and
problems inevitably occur, e.g., conflicts between modularity, cost and regulation
performances, power stage simplification and conversion efficiency, ... etc, are all
needed to be taken into a consideration of control design.

Although much has been done to explain dynamic interactions at the system level
in a DPS system, too many premises exist in the previous analyses, and so the study,
particularly for complete DPS, still needs to be continued. A design methodology based

on the modeling techniques is expected to be developed in the near future. The
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corresponding computer-aided tools and higher-level simulation models must be also
developed to provide systematic design techniques to shorten development times.

3) System Interactions

As discussed above, an important issue in a DPS is interactions between power
units, e.g., cascaded converter interactions, EMI filter interactions and switching
frequency interactions. In some cases, even though each power unit is stable, the
instability still can occur when individual power processing modules are connected
altogether. It is also interactions that cause design difficulty in system level.

4) Efficiency

The high efficiency is required for the whole DPS system, particularly for new
generation of data processing type of loads with low voltage high current. It presents new
challenge for the load converters or VRMs to minimize power dissipation on the board
containing the load. Presently, the on-board DC/DC converters or VRMs can only
achieve efficiency around 90%. Improvements must be made to increase the efficiency to
over 95%. Also, compact size for point-of-load converters is still required. New converter
technologies should be explored to combine low switching losses with low device voltage
and current stresses. The semiconductor and magnetic devices should be improved to

meet the challenges of high-frequency, high-density, on-board converters.

2.5 High Frequency (HF) AC Distributed Power Systems

In recent years, the DC-DPS has been used extensively in mainframe computer
systems, communication systems, aircraft, fighting jets, warships, phased-radar arrays

and space vehicles, and lately been used in the construction of the international space
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station. However, in many of today’s applications, theoretical design issues and
philosophies of the power conversion systems are finding their way to practical design.
These issues include not only improving efficiency, but also increased concerns regarding
the cost and complexity of power supplying system used to satisfy the electronic system’s
total performance requirements [7,32,33].

Theoretically, changing the “DC” power distribution to an “AC” power
distribution can substantially mitigate the cost and complexity of DC-DPS. Other
potential advantages of AC bus DPS include: simplified system configuration, high
efficiency, ease of voltage and current transformation, effective ground noise isolation,
and the possibility of connector-less distribution via a distributed transformer. However,
ac-bus DPSs have not been widely accepted in power supply applications due to several

potential problems such as EMI noise, high frequency losses, and bus distortion, etc.

2.5.1 System Design Considerations

In an AC-DPS, except the similar system design considerations in a DC-DPS (see
Section 2.4.1), there are two additional principal aspects that impact the system design: 1)
bus frequency, and 2) bus waveform shapes. The selection of bus frequency will have a
major impact on the size of reactive components used in the system. However, a choice
of too high a frequency places an increased burden on the circuit design with the
diminished advantage with respect to component size reduction. In addition, core losses
in the magnetics, AC bus losses and voltage drop across interconnect inductance and
transformer leakage inductance increase with frequency. Thus the AC bus frequency is an

important tradeoff parameter. If an AC-DPS performance is comparable to a DC-DPS, it
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seems to be reasonable to set the bus frequency range from about 50 kHz to around 500
kHz based on the current available power conversion technologies and power devices.

On the other hand, the special bus cabling increases the cost and the complexity
of a DPS. In addition, the skin-effect increases the bus resistance at high-frequencies. To
keep the bus losses down, the practical maximum bus frequency seems to be limited to a
range of 20-250 kHz range. As a result, filtering of the rectified bus voltage requires
relatively large filters.

Basically, there are two waveform shapes to be used as AC bus waveform,
namely, sine wave and square wave/PWM waveforms. Sine wave HF regulated AC bus
has some advantages and can be generated at a fixed frequency with good efficiency for
distribution to line transformers with rectifier/filters for “point-of-load” voltage. Noise
level coupled into system depends on circuit impedance. The EMI problems can be
improved with a low impedance coaxial bus design. It is natural to reason that the less
distortion the bus waveform, the less the potential noise effects. From this perspective,
sine wave bus is optimum. However, while keeping bus voltage and current waveofrm as
sinusoidal, to regulate load voltage, complex issues with regards to inverter and load
converter circuit designs will be introduced [34-43]. This is particularly true if wide load
ranges are required and bus waveform’s harmonic distortion must be minimized. In
addition, a low power factor load converter will bring high harmonics and adds stress on
the source generator size and efficiency, as well as adds losses and EMI noise on the
system.

The prominent disadvantage of implementing a square wave/regulated PWM

voltage waveform for the bus is the resultant wide spectrum noise content (compared to a
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sine wave) [33,43-45]. Therefore, most of the previous research on the proposed AC-DPS
has concentrated on the use of a sine wave voltage bus under the assumption that this is
the preferred power distribution waveform shape from the perspective of system noise
propagation [35-38]. The major advantages of square wave bus are that simpler/cheaper
frond-end and load converters are available, most of the mature PWM converter
techniques including frond-end converters and load converters, e. g., the post-regulator-
magamps’, can be transplanted by the proper modification in this system. The wide range
load regulation is relatively easier to be solved. Thus we can conclude that the bus
waveform shape depends heavily on the load features such as required regulation range,
noise sensitivity and distribution distance, etc. Some new ideas, such as using trapezoidal
waveform bus and the stacked structure frond-end inverters have been presented in
Florida Power Electronics Laboratory. Expected outcomes are that good trade-off
between major performance specifications will be obtained, particularly for the system
EMI/EMC, efficiency, system reliability and complexity. Further research will be

reported for investigation of bus structure and waveform shapes in future.

2.5.2 Investigation of Current Techniques
1) Frond-end Inverters Topologies
Generally, bus waveform shapes determine which family of topologies should be
suitable as the frond-end inverters in an AC-DPS system. Figure 2-7 shows a popular
front-end inverter topology, using a LCC resonant inverter as a frond-end inverter with
sine wave AC bus. Its major features are:

a) constant frequency, clamped-mode LCC inverter;
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b) possible ZCS/ZVS operation with reduced circulating energy; and
c) low THD for both bus voltage and current.

Figure 2-8 shows a half-bridge inverter as a frond-end inverter with square wave

AC bus. Its major features are [35,37]:

a) constant duty cycle control;

b) ZVS can be realized for both bridge; and

c) bus voltage can be regulated indirectly through PFC pre-regulator.

The front-end inverters in Figs. 2-7 and 2-8 are implemented with the two-stage
schemes to meet stringent power factor and harmonics regulations. In this two-stage
scheme, an active power-factor correction stage (also being called as pre-regulator,
usually using boost converter) is adopted as the first stage to force the line current track
the line voltage. The second stage is a DC/AC inverter, which provide the isolation and
the tightly regulated output voltage to meet DC bus requirements. This scheme suffers
from some drawbacks such as increased number of components, complicated topology
and complicated controller. This is why such schemes are not ideal for cost-effective
systems. An alternative solution is to integrate the active PFC stage with the isolated high
quality output DC/AC stage into one stage, as shown in Fig. 2-9.

2) Post-Regulator Topology

The rectification of the AC voltage in the load converters may cause serious
problem due to the harmonic currents injected in the bus. To avoid this problem, each
load converter should be designed with high power factor and low harmonic distortion of

the input current.
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Fig. 2-8. An example of front-end inverter with square wave bus.

Fig. 2-9. An example of single stage front-end inverter.

Similarly, the selection of post-regulator topologies depends also on the bus wave
shape. Fig. 2-10 gives the dominant class of topologies as the post regulators with sine
wave bus, i.e., series resonant rectifiers (SRR). Its output voltage regulation can be
realized through three approaches [10]:

e) by variable capacitor control;

f) by varying the resonant inductance; and
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g) by phase-angle control.
The other evolved schemes can be found in [11-13]. Fig. 2-11 shows the
dominant type of post regulators with square wave bus, namely, magamps. In fact, the

magamps can be developed based on the conventional PWM DC/DC converters.

2.5.3 Issues and Challenges
As stated above, in this cutting-edge technology area there are still several
technical challenges to traditionally block the development of an AC-DPS into practical
industry applications. It is not too early to be thinking about answers to these issues
because authors strongly feel that the High-frequency AC bus DPS is perhaps an idea
whose time has come up. Through extensive survey, the major issues and challenges are

summarized as follows:

Fig. 2-10. A post-regulator using SRR with sine wave bus.

.g‘ I oc
HF ,\/ ) T élj{t“)put

control

l 7> DC
: 1 T output

) v
E.R’_._,,_

Fig. 2-11. A post-regulator using magamp with square wave bus.
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1) Modeling, Analysis and Design of HF AC DPS
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a) At converter level, available models need to be developed for emerging new
converters such as single stage inverters, sine wave and square wave post regulators
with specific controls.

b) At system level, it might be very complicated and challenging to characterize
behavior for both small-signal and large-signal transient response, especially in case
of considering various parasitic parameters. So far there is no report at system level
modeling in this area in current available literature.

2) Front-end Inverter

Tight regulation and high efficiency are still difficult to realize, particularly for
the inverters working under the distorted input condition of post-regulators. Ideal goal
might be to use single stage single switch implementation to integrate the inverter
function with the PFC function. However, the following issues will be encountered:

a) A critical issue for most of topologies is in that it has very high bulk capacitor voltage
stress at high line and light load. A high capacitor voltage stress means a high
component rating, high cost and low efficiency.

b) The second challenging issue is that the wide capacitor voltage range of the single-
stage PFC converters will require the larger component ratings compared to the two-
stage PFC converters

c) The another drawback is that although the simplification can be obtained in a single-
stage scheme, the converter regulation capabilities will be largely limited because one
stage simultaneously performs PFC, and load regulation and line regulations

d) Itis usually difficult to push single stage converter to medium or higher power levels.
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3) Bus Structure
The characterization of EMI (induced system noise), different waveforms [sine or
square], line structures and PCB layouts need to be further addressed regarding the
system performance.
4) Post-Regulator
The performance challenges of conventional post regulators (in particular, VRMs)
are the same as that of the AC-DPS post-regulators have, including the following:
a) Can the synchronous rectification and integrated magnetic techniques be applied to
AC-DPS post-regulators;
b) Fault-protection and current limiting, since there is no switch directly in series with the
AC distribution input to the post-regulator;
c) Hot-swapping or hot-plug-in are unique issues as well because paralleling is more
difficult than in case of DC-DPS;
d) Large-signal transient response performance needs exploration;
e) Various methods to achieve closed-loop post-regulation, in addition to magamp
control should be investigated; and
f) So far, paralleling of converter modules in the AC bus environment may be rather
difficult due to the requirement of precise synchronization and impedance matching.
5) Overall System
a) Battery-backup of distribution bus becomes an issue when the power distribution
method is a high-frequency AC type, as discussed above;
b) System stability will also be an issue due to interactions between front-end and post-

regulators.
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2.6 Summary

The present state of development of distributed power systems is systematically
reviewed in this section. Basic distributed structures and their characteristics are
described. Various DC-bus and AC-bus distributed power system architectures are
discussed. The system design considerations are discussed. The characteristics and
challenges of both DC-bus and AC-bus distributed power systems in potential
applications are summarized.

Most of DPSs can be constructed by combining five basic distributed structures.
The bus voltage can be either DC or AC and thus two fundamentally different DPS
architectures can be identified — DC-bus and AC-bus. The selection of the DC-bus or
AC-bus architecture has a profound impact on the entire DPS design and performance.

In the traditional DC-bus DPS, the front-end converters include the first stage
AC/DC with PFC and the second stage DC/DC conversion. Together with load converter,
there are totally two inversions and three rectifications must be performed. Since each
conversion step introduces power losses, the overall efficiency is not optimal.

The AC-bus DPS is potentially more efficient than the DC-bus DPS, since the
conversion is achieved using only one inversion and two rectification. Similar to the DC
distribution scheme, some means of regulation is usually required for the AC DPS to
compensate for line and load variations. As well known, the low-frequency (50 or 60 Hz)
AC power distributicn has been used for decades in utility systems where the efficiency
is critical. The high-frequency AC power distribution has been investigated just in recent

years. Moreover, its research stays in only conceptual stage and primarily for avionic and
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space application considerations at present. The reason why AC-bus DPSs have not been
widely accepted in industry applications is due to several practical problems such as high
EMI level, difficult to back up power, limited post-regulation approaches etc. Therefore,

we believe, there is a lot of work to be done before the AC-DPS is put into industrial

applications.

This work was supported by the grant from NSF.
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3 KEY ISSUES AND SOLUTIONS FOR SINGLE STAGE (S
CONVERTERS

3.1 Introduction

Declining power quality in many power electronic systems has become an
important problem as illustrated by many recent surveys [18-23]. Power factor correction
(PFC) techniques have become attractive since several regulations have been effected
recently. Many PFC AC/DC converters have been presented in recent years. For active
PFC techniques, classified by the system configurations, these techniques can be
categorized into two-stage and single-stage (S?) schemes, or the two-stage approach and
the single-stage approach. The two-stage approach is currently the most commonly used
approach. As shown in Table 2-1 of Chapter 2, two-stage approach has good electrical
characteristics of high power factor and fast output voltage regulation. Furthermore, since
the two power stages are controlled separately, optimization of both power stages is made
easier. The main drawbacks of this scheme are its higher cost and larger size resulted
from its increased component number and complicated control circuits.

A S? scheme combines the PFC circuit and DC/DC power conversion circuit into
one stage. Due to its simplified power stage and control circuit, this scheme has some
potential attractions. A number of S PFC circuits have been reported in recent years [18-
23]. These circuits are especially attractive in low cost, and low power applications.

The underlining strategy of the S PFC scheme is to design the circuit in a certain

way that allows its PFC circuit and power conversion circuit to share the same power
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stage. The PFC inductor is still necessary while saving an active switch and a PFC
controller. The remaining controller is to perform tight output voltage regulation.
Therefore, the switch duty-cycle is almost constant during ore line cycle in steady state,
which means that input PFC would be performed automatically when the output is
regulated tightly. PFC is usually obtained by operating the PFC stage in the discontinuous
current mode (DCM).

Main drawbacks for S> PFC converter have been highlighted in Table 2-1. Herein
it is necessary that we further state the issues before going into depth.

The instantaneous ac input power always varies at twice the line frequency, even
if the output power is kept relatively constant. As a result, a bulky capacitor is needed to
handle the instantaneous power difference between the input and output, such that the
output voltage is regulated tightly and free of line ripple. This is a major drawback since
S? converters have limited capability to process unbalance power with single active
switch and limited capacitance of capacitor. Therefore, the high bus capacitor voltage-
stress generally exists for most of S PFC converters, which makes most of existing S*
converters be impractical for universal input application. This issue is more severe under
the high line voltage and light load current case [20]. A high bus voltage means high
component rating, high cost and low efficiency.

The accompanying issue with the resulted wide capacitor voltage range of the S>
PFC converters will require larger component ratings compared to the two-stage PFC
converters. To make situation worse is that the intermediate bus voltage generally has
wide range and is determined by many factors such as boost inductance, transformer

turns ratio and input voltage, etc. This results in big difficulty in system de-coupling
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before designing, which is often necessary to derive design formulas. Therefore, how to
characterize bus voltage and optimally design power stage will be further research
efforts.

The other issue is that one power stage and DCM operation make S? converters
only attractive for low power applications and result in a low efficiency while used in
medium power level. This limits the application of the S*> PFC converters into DPS in
certain degree. Therefore, how to push the power rating higher and integrate individual S*
converters into DPS application will be next research step.

In this chapter, the above three highlighted issues are addressed and possible

solutions are explored.

3.2 Intermediate Bus Voltage Stress and Solutions

3.2.1 Reason for High Bus Voltage Stress

Figure 3-1 shows a general block diagram of S? PFC converters, which use only
one active switch and one controller. In order to generalize the concept of bus voltage
stress, it is desirable to use two functional blocks, PFC block and DC/DC block, to
represent the S> PFC AC/DC converter, as shown in Fig. 3-2. The first block is a PFC
stage to achieve high power factor function, which is usually a boost-like converter; the
second functional block is a DC/DC converter to obtain tight regulation with output
isolation. There is a bulky capacitor between the two functional blocks to withstand the
fluctuating input power and rectified line ripple. Both PFC block and DC/DC block can
operate either in DCM or in CCM. Therefore, there are four possible combinations to

implement S? PFC converters, i.e., DCM PFC + CCM DC/DC, DCM PFC + DCM
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DC/DC, CCM PFC + CCM DC/DC and CCM PFC +DCM DC/DC. However, these
combinations present different forms of power balance relationship. For example, the
DCM PFC + CCM DC/DC combination generates a DC bus voltage that could be as high
as over 1000 V at high line and light load conditions for universal line applications [56].

Selection of switches and capacitors in this case would be limited and very costly.

iin
Va+_-1!= Cs ’_'*'
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Fig. 3-1. General block diagram of S*> PFC converters.
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Fig. 3-2. Functional block diagram of S PFC converters.

Usually, it is required that the PFC block has an inherent PFC property, while
using the controller regulates the output voltage of DC/DC block. On the other hand, the
CCM operation for DC/DC block is preferred to reduce power losses. Therefore, the

operating mode, the DCM PFC + CCM DC/DC is deemed to be ideal in low to medium
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power level. However, critical bus voltage stress occurs in this combination. Figure 3-3
shows the relationship between the input power and the duty cycle in the PFC block, and
between the output power and the duty cycle in the DC/DC block [20]. The figure
explains well the reason why the unbalance power exists. We can obtain understanding to
high bus voltage stress by analyzing the relationship between duty-cycle and converter

power processing capacity.

PFC stage
Pin ‘k
CCM
- ) r'd
p DC/DC stage -
o 4
h
CcCM
DCM
:D ?

Fig. 3-3. Relationship between the input power, output power, and duty-cycle.

Since the DC/DC stage operates in CCM, the duty cycle does not change with the
load variation according to Fig. 3-3. The duty cycle doesn’t change immediately when
the output power decreases, because of the CCM operation in the DC/DC block. Thus,
the input power remains the same as under heavy load. There exists an unbalanced power
between the input and the output. This unbalanced power has to be stored in the bulk
capacitor Cg, causing the DC bus voltage to increase. As a result, the output voltage will
increase too. To compensate for the output voltage increase due to the increase of the bus

voltage, the voltage feedback loop is operated to regulate the output voltage as a constant.
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So the duty ratio has to decrease, and the input power also decreases correspondingly.
This dynamic process will not stop until the input power equals the output power, and
new power equilibrium is reached. In summary, power unbalance in different operating
mode combination is the inherent reason for causing high bus voltage. The detailed

analysis and explanation of power balance relationship for the other combination modes

have been presented in [20].

3.2.2 Schemes to Alleviate Bus Voltage

From the above analysis, perceptively, the bus voltage could be controlled within
proper range so as to make a S*> PFC converter be practical. The analysis also provides
some possible approaches to resolve the bus voltage stress problem of S? AC/DC
converter at light load high line. If the power delivered by both blocks of the converter is
either duty cycle dependent or independent simultaneously, the converter should have
less bus voltage stress under the proper design. Some S? PFC implementation circuits
with proper bus voltage have been presented in [19,20,21,23,56]. This section classifies
these circuits into the following four schemes to suppress high bus voltage stress:

1) DCM + CCM combination with variable frequency control

2) Both functional blocks operate under same mode

3) Series-charging, parallel-discharging capacitors scheme

4) Bus voltage feedback
The following sections investigate each of the four categories.

1) DCM + CCM Combination with Variable Frequency Control
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This scheme was proposed in [56]. Since the gain of the CCM DC/DC stage
depends only on the duty-cycle, and the gain of the DCM boost input block depends on
the frequency but not duty-cycle. It is possible, for the DCM boost input block to regulate
the capacitor voltage (without affecting the output) by a variable-frequency control. That
is to say, the input power of PFC block is inversely proportional to the switching
frequency at DCM with constant duty ratio, the unbalance power between the input and
output decreases with the increasing of switching frequency. This scheme is proven
effective to resolve the bus voltage stress problem. The drawback of this approach is that
large load variation range results in large range of variation in switching frequency. For a
load change from full to 10% of the rated load, the switching frequency has to be as 10
time as that of the full load to remain the same bus voltage. Such wide switching
frequency variation makes it difficult to optimize the inductive components of the
converter. In practical circuits, the frequency range is smaller than the theoretically

calculated one because 100% efficiency is assumed in theoretical analysis.

2) Both Functional Blocks Operate under Same Mode

As discussed in the last section, power unbalance in the combination DCM +
CCM will cause high voltage stress on inter-mediate DC bus. However, there is no DC
bus voltage stress problem in combinations of same operating mode, either in DCM or in
CCM for the two functional blocks, i.e., DCM + DCM and CCM + CCM. Taking DCM +
DCM for example, the duty-cycles of the two blocks in Fig. 3-1 will simultaneously
decrease with the load becoming light. As a result, the input power also decreases with
output power because of decreased duty-cycle. There is no unbalanced power between

the input and the output. Power balance relationship is similar in CCM + CCM

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



combination. Thus, it is concluded that there is no DC bus voltage issue for both
functional blocks operate under the same mode with proper circuit design. This statement
will be verified through the next theoretical analysis of an example circuit.

Figure 3-4 shows an integrated S* PFC converter consisted of two flyback
converters [20]. The PFC block is composed of a bridge rectifier, an EMI filter,
transformer T, main switch S, diode D; and bulk capacitor Cg. The DC/DC block is
formed by the main switch S, diodes D; and D3, transformer T and output capacitor Cg.
The bus voltage Vg can be calculated from the input-output power balance in half line

cycle.

Fig. 3-4. S? converter consisting of two flyback converters.

a) (DCM + DCM) Operation Mode
To simplify analysis, Cpg and C¢ are considered to be large enough and ripple on
the DC voltages can be omitted. Assuming all components being ideal (100% efficiency),

it follows that,

Py = Pppc =Ppc =P, (3.1)
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where Pi, is average ac input power over half line cycle, Pprc represents the delivered
average power by PFC stage, Ppc 1is the delivered power by DC/DC stage and P, is the
output power on the load with rated voltage V, and current I,.

Taking quasi-static approach, i.e., the rectified line input voltage is assumed
constant in one switching cycle, the average inductor current ip | ave(t), during a switching
cycle, is given by:

vin(t)l)2 =D2 V;n S
2Lf, 2L,

iLl,ave(t) = inat (3 '2)

where D and f; are the duty ratio and switching frequency, respectively, and the ac input
voltage is given by v, (t) =V, sinwt . So the iLjav(t) could be deemed to represent a
moving average over switching cycle, Ts, during the line period, Ty.

The instantaneous input power over a switching period can be obtained as
follows:

2 2 2
Pu®) =iy (O, () = 22OP" DV 12 (3.3)
L, 2L S,  2Lf.

The average ac input power Pi, is averaging of Py, (t) over a half line cycle, it

yields:

2

Py, = Pprc =E

VD>

T /2
- (1)dt =
L pm() 4L1fs

G4

According to the operation mechanism of the flyback converter under DCM, the

average output voltage is given by:
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V,=V,D S
"N2L, e
where R, represents the load resistance, and L, is the magnetizing inductor of T,.
The average output power can be achieved:
v2 p2p?
P =P =V ] = o _ B
DC = Lo =Volo R, 2L,f, (3.6)

By equating Eqgs. (3.4) and (3.6), the DC bus voltage on the capacitor is expressed

L
V=V .| = (3.7)
g 2L,

From Eq. (3.7), the bus voltage is independent of the load condition, and is
dependent only on the ratio of two magnetizing inductors and ac input peak voltage.
Therefore, high bus voltage stress can be overcome by properly designing the ratio of two
inductors.

b) (DCM + CCM) Operation Mode

For this operating mode, Eq. (3.4) holds true. For DC/DC block under CCM

mode, we have:

(3-8)
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where 7 is turns ratio of the transformer T,, as shown in Fig. 3-4.

To guarantee balance between input and output powers, it follows:
F,=F =V, (3.9

Substituting Eqs (3.4) and (3.8) into (3.9), we obtain:

Vs =*1' Vin ‘—VO_—VO =l Vin % -V, (3.10)
n 4f L1, n 4f.L,

It can be seen that Vg depends on, not only turns ratio and line voltage, but also

load variation. A critical situation is that Vg will be infinite at no load condition. It is
almost impossible to handle this issue in practical application.

Figure 3-5 shows bus voltage stress comparison under two different
combinations. As is shown, the bus voltage is significantly dependent upon the load level
under DCM + CCM mode. The bus voltage exceeds 2000V at light load and no device is
available in this case. For DCM + DCM mode, bus voltage can keeps constant for
variation load. This feature is pretty suitable for low power application.

3) Series-Charging, Parallel Discharging Capacitors Scheme (SCPDC)

A S? PFC converter with low capacitor bus voltage is proposed in [21]. Actually,

it is a combination of a boost circuit and a forward circuit. There are two primary

windings connected with separate bulk capacitors in series in isolated transformer of the
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DC/DC stage. It is because of this unique structure, which makes the converter capacitors
implement series-charging, parallel discharging capacitors scheme (SCPDC). The
SCPDC means that the two energy-storage capacitors are charged in series when the
switch is off and discharged in parallel when the switch is on. Thus, effectively, a two-to-
one voltage division is introduced into the original single bulk capacitor, as far as most S?
PFC converters hold, e.g., BIFRED and BIBRED converters. A similar structure

converter, called as Russian circuit, is also described in [18,19]

2500 T T T T T T T T
e i i Vin=260V(rms), Vo=50V, L1=250uH,
; 2000 L2=500uH, n=0.5, fs=50kHz
< R i Skl LR
g l‘ ' - —ih— DCM+DCM -—e@— DCM+CCM
1 ' . ' . ' ' '
S 1500 S S IS S
% ! e ! i i ] ] | I
; 1000 ,_.._!4...._!._...%..2\.[,:‘._L.._.L__.,L___i._,.!_.._!.A....
3 1 1 R S i ' !
QO 500 -t i L LT T
bt . d : : : 5 : : : ;
0 Coor

5§ 10 15 20 25 30 35 40 45 50 55
Output power Po (W)

Fig. 3-5. Bus voltage stress comparison under two combinations.

In Fig. 3-6 converter, the two primary windings of the forward transformer are
designed with the same turn ratio referring to the secondary 