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Preface

The so-called ‘Sneak Circuit’ is defined as an unexpected path or operational status in
an electric or electronic circuit due to the limitation or oversight in design. Such sneak
circuit can be triggered to operate under certain conditions. Whenever the unwanted
or unintended operation corresponding to the sneak circuit emerges, the desired func-
tions are likely to be degraded or inhibited. Undoubtedly, the phenomenon of sneak
circuit also exists in power electronic converters, which are artificially designed to
convert electric energy. In fact, sneak circuits in power electronic converters are not
uncommon. For example, the discontinuous-conduction mode (DCM) in DC-DC con-
verters is a type of sneak circuit corresponding to its continuous-conduction mode
(CCM) counterpart, and vice versa.

However, the phenomenon of sneak circuit was not well-known in the past, largely
due to unawareness of their conception in power electronics. In recent decades, power
electronics has undergone intense development in many areas of technology. Bet-
ter functionality, safety, and reliability of the power electronic system have become
increasingly important in the present application of power electronics. In view of
catastrophic results, which might be caused by the operation of a sneak circuit under
certain conditions, it is necessary for power electronic engineers to understand thor-
oughly the sneak circuit in power electronic converters designed under all possible
practical conditions.

The authors’ understanding of sneak circuits in power electronic converters came
from an accidental experiment on the basic step-down RSC (resonant switched capac-
itor) converter early in 2004. In that experiment, the control strategy for switches was
not changed and only some parameters (i.e., the switching frequency, the load, and the
input voltage) were adjusted. It was surprising to observe that the converter changed
its status from four normal operating stages to six operating stages, and the adjusting
process was completely reversible. Such an observation implied that two unexpected
or undersigned operating stages had appeared.

Moreover, when the converter worked in six operating stages, we observed obvi-
ous hazards of sneak circuit operation in a basic step-down RSC converter, including
decrease in the output voltage and increase in the stress of the inductor current and
switched capacitor voltage. Apparently, the six operating stages we observed were an
example of a sneak circuit in a basic step-down RSC converter. It could be considered
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as the starting point of our study on sneak circuits in power electronic converters, and
this book is a periodic summary of our research achievements in this field over the
past ten years.

We begin in Chapter 1 as an introduction of sneak circuit, outlining moves onto
power electronic converters on sneak circuit phenomena, and an overview of defi-
nition, history, and analysis methods for sneak circuits. The following chapters are
divided into three parts. The first part, consisting of Chapters 2 to 5, mainly describes
sneak circuit phenomena in some typical power electronic converters. In Chapter 2,
we present sneak circuit phenomena in families of RSC converters, and derive their
expression of output voltage and operational conditions as they were first discovered.
In Chapter 3, based on the summary and analysis of CCM and DCM of Buck, Boost,
Buck-Boost, Cuk, Sepic, and Zeta DC-DC converters, we argue that DCM can be
regarded as a sneak circuit in terms of the definition of these phenomena. In this way,
the in-depth understanding on the physical mechanism of the DCM is presented from
the viewpoint of a sneak circuit. In Chapter 4, we discuss some sneak circuit phe-
nomena in soft-switching converters, specifically taking the full-bridge ZVS PWM
converter, the Buck ZVS multi-resonant converter, and the Buck ZVT PWM converter
as examples. The purpose of this chapter is to illustrate that sneak circuit phenomena
are more complex and abundant in soft-switching converters due to the existence of
the resonant tank. The sneak circuit here must be eliminated, otherwise it will give
rise to unpredicted effects on the converters. In Chapter 5, we consider two novel
power electronic converters, that is, the Z-source inverter and the synchronous rec-
tifier DC-DC converter. The detailed investigations on these two converters further
demonstrate that sneak circuit phenomena inevitably exist in a large number of power
electronic converters under certain conditions.

The second part includes Chapters 6 and 7, where we propose some analysis
methods, which are used to investigate sneak circuit phenomena in power electronic
converters. In Chapter 6, we use graph theory to study sneak circuit paths. Firstly, the
adjacency matrix, connection matrix, and switching Boolean matrix are respectively
employed to find all circuit paths in the converters. Then, we identify the sneak
circuit paths according to the operating principle of power electronic converters.
In Chapter 7, we suggest a systematic method for discovering the sneak circuit
phenomena in power electronic converters, which is essentially a method of mode
analysis of the sneak circuit and can be taken as the complement of Chapter 6.

Chapters 8 and 9 are the last part of this book. In these two chapters, we focus on
the guidelines concerning elimination and application of sneak circuits in power elec-
tronic converters. In order to eliminate the sneak circuit in power electronic converters,
we propose two methods in Chapter 8. One method is to restrict the parameter varia-
tion of the converter so that the sneak circuit cannot become active, whereas the other
method completely cuts off the circuit path corresponding to the sneak circuit. Since
the aim of understanding the sneak circuit is to fully utilize it, this issue is addressed in
Chapter 9, where we demonstrate the utilization of a sneak circuit to achieve perfor-
mance improvement, topological reconfiguration, new function, and fault diagnosis
of power electronic converters with specific examples.
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We hope this book will help researchers and engineers in power electronics and
other related industrial fields to understand that sneak circuits definitely exist in power
electronic systems, and further guide them to carry out analysis on the sneak circuit
to improve the reliability of power electronic systems at the design stage.

Bo Zhang and Dongyuan Qiu

South China University of Technology
Guangzhou in China

October 2013
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1

Sneak Circuit and Power
Electronic Systems

1.1 Reliability of Power Electronic Systems

Power electronics has already found an important place in modern technology,
because it helps to meet the demands of energy, particularly in electrical form and
efficient use of electricity. Application of power electronics is expanding expo-
nentially in many areas, from computer power supply to industrial motor control,
transportation, energy storage, electric power transmission, and distribution. Nowa-
days, over 70% of electrical loads are supplied through power electronic systems in
the United States and Europe, and almost all electrical and electro-mechanical equip-
ment contains power electronic circuits and/or systems. In the next 5 years, renewable
energy systems (wind and solar, etc.) will show a sharp increase throughout the world,
the needs of power electronic systems grow rapidly as a result. Therefore, the reliabil-
ity of these systems should be a concern in its fundamental place in energy conversion
and management.

A basic concept in reliability engineering is that part failure may cause system fail-
ure, and preventing part failure is effective in preventing system failure. Likewise, in
power electronic systems, it is found that many system failures do result from com-
ponent failures. The main factor affecting reliability at part level is the electrical and
thermal stress of a component, such as device voltage, current, temperature, or tem-
perature rise due to power dissipation, since the failure rate of the components will
double with a 10°C increase in temperature. In order to achieve good reliability, sys-
tem designers always apply effective reliability assurance techniques, for example,
component derating, and thermal and electrical stress analysis, to manage the lev-
els of component voltage, current, and power dissipation, and keep them well within
rating limits.

However, not all system failures are caused by component failure. In some
situations, no part has failed, yet the system performs improperly or initiates an

Sneak Circuits of Power Electronic Converters, First Edition. Bo Zhang and Dongyuan Qiu.
© 2015 John Wiley & Sons Singapore Pte Ltd. Published 2015 by John Wiley & Sons Singapore Pte Ltd.



2 Sneak Circuits of Power Electronic Converters

undesired function. For example, an inadvertent launching of the Redstone rocket on
21 November 1961 resulted from an undetected design error in the electrical path.
Such events may cause hazardous and even tragic consequences, which have been
proven by many serious accidents in aerospace, navy, nuclear, and military industries
in the last century.

A significant cause of such unintended events is named “sneak circuit,” which is
the unexpected electrical path or logic flow that can produce an undesired result under
certain conditions [1]. Opposed to component failure, a sneak circuit happens without
any physical failure in the system, causing an undesired effect in that system, although
all parts are working within design specifications.

It is well established in reliability engineering that the more parts there are in a
system, the more likely it is to fail. Complexity is considered as the main factor that
causes sneak circuit, because it is difficult for the designers to have a complete view
of the detailed interrelationship between components and functions in a complex sys-
tem. As a consequence, sneak circuits may exist in a complex system, and produce
undesired results or even prevent intended functions from occurring under certain
conditions.

Nowadays, power electronic systems are being designed and manufactured with
increased complexity to satisty specific functions. Similar to other systems, the sneak
circuit will affect the reliability of the power electronic system as well as part failure.
Therefore, sneak circuit situations in different kinds of power electronic converters
should be investigated and identified, which will have a positive impact on the relia-
bility of the power electronic system.

1.2 Sneak Circuit
1.2.1 Definition of Sneak Circuit

A sneak circuit is a designed-in current path or signal flow within a system,
which inhibits desired functions or causes unwanted functions to occur without a
component having failed. Sneak circuits are not the result of component failures,
electrostatic, electromagnetic or leakage factors, marginal parametric factors or
slightly out-of-tolerance conditions. They are present but not always active condi-
tions inadvertently designed into the system, coded into the software program, or
triggered by human error [2].

Based on the definition of a sneak circuit, the sneak conditions may consist of
hardware, software, operator actions, or any combinations of these elements. Thus,
sneak circuits are a family of design problems, which includes four categories as
follows [1]:

1. Sneak path:
unexpected path along which current, energy, or logic sequence flows by an unin-
tended route, resulting in unwanted functions or inhibiting a desired function.
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2. Sneak timing:
events occurring in an unexpected or conflicting hardware or logic sequence, which
may cause or prevent activation or inhibition of a function at an unexpected time.
3. Sneak indication:
ambiguous or false display of system operating status that may cause the system
or operator to take an undesired action.
4. Sneak label:
incorrect or imprecise nomenclature or instructions on system inputs, controls, dis-
plays, or buses, which may cause the operator to apply an incorrect stimulus to the
system.

1.2.2  Examples of Sneak Circuits

Since the 1960s, many accidents in aerospace, navy, nuclear, military, and modern
weapon systems, which caused hazardous and even tragic outcomes, have been found
to be the result of sneak circuits. In addition, sneak circuits have also existed in house-
hold wiring and automobile electrical systems, which did not perform an intended
function or initiated an undesired function. Some examples will be introduced in the
following section to explain different types of sneak circuits.

1.2.2.1 Automobile Electrical System

Figure 1.1 shows an example of sneak path found in a mid-1960s automobile electrical
circuit [1]. The circuitry design meets the electrical system specification, for example,
when the ignition switch is on, power is supplied from the battery to the radio, and
if the brake switch is closed, the brake lights receive power from the battery. Also, if
the hazard switch (pedal) is on and the ignition switch is off, power will be supplied
from the battery to the flasher module causing the brake lights to flash. In summary,
all of the design intent had been satisfied.

However, a problem with this circuit design remains hidden. Assuming that the
ignition switch is set to “off,” the radio is switched to “on” and the hazard switch is
enabled, if the brake pedal is depressed, power will be applied to turn the radio on
with each flash of the brake lights. The cause of this unintended behavior, a sneak
path, is highlighted in Figure 1.1. It is the brake switch (pedal) that provides a current
path to the radio and places the radio parallel with the brake lights. In this case, the
consequences of the sneak path are not severe; children left in the car by their parents
could listen to the radio slowly draining the battery.

1.2.2.2 Household Wiring System

A popular household wiring system in Western European is shown in Figure 1.2a,
which is a three-phase 127 V/50 Hz system with an approximately balanced load and
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Figure 1.1 An automobile electrical system [1]

no neutral return wire. All devices or appliances are connected between lines and
operate at 220V [3]. If the fuse of phase B blows, a sneak path will appear as in
Figure 1.2b, leaving devices in line A—B in series with those in line B—C across 220 V
line A—C. Then the lamps on circuit A—B will dim if lamps or bath heater on circuit
B-C s on and refrigerator operates erratically when the bath heater is on. Though all
devices on circuit A—C work normally as before, phase B has no load, and phases A
and C have overload, which will cause the distribution transformer to overheat.

1.2.2.3 A Sudden Acceleration Incident

In one kind of US police van, shown in Figure 1.3, the code 3 control switch activates
a roof-mounted blue-light bar and causes brake lights and backup lights to pulse alter-
nately at about 2.4 Hz. Diode (D) is used to prevent brake pedal switch from activating
the blue-light bar via an alternating flasher relay. On 4 December 1998, an apparent
police van shift lock failure combined with suspected misapplication of the accelera-
tor rather than the brake resulted in sudden acceleration, the death of two pedestrians,
and injury of nine [4]. It is found that closing code 3 control switch provides a puls-
ing path (sneak path) through flasher relay and diode D to disengage the shift lock,
allowing the vehicle operator to shift into gear while applying the accelerator rather
than the brake.

1.2.2.4 Redstone Rocket Launch Failure

Figure 1.4a shows the Mercury booster firing circuit of the Redstone rocket [3]. In
order to satisfy the launching requirements, the motor is ignited by the on-board fire
switch, annunciated by the ignition indicator light through an umbilicus, and the motor



Power Electronic Systems 5

127/220V ; 30; 50 H A
z oF e
Distribution
Transformer 2. B
Secondary LB d
Windings A
&
L C
Entry Entry
Cutoff switch  fuse
A b\
Lamp #/ b\
L b\
o Bath
Refridge | Heater
Load Load Load
A-B A-C B-C
(@
A
""'E’ RN
Distribution Blown! |
Transformer 7o 5,
Secondary | t ! i e T e
Windings e | r 1
| ! |
L
——————— i __H\?_T?‘"l_‘_.__‘ |
Entry Entry | | | |
Cutoff switch  fuse |
| p | g |
Lﬂmp| AN | ] Y |
L VY] L%
. Bath
Refridge v Heater
Load Load Load
- Sneak path A-B A-C B-C

(b)

Figure 1.2 A household wiring system [3]: (a) normal operating state; and (b) state with
broken fuse



6 Sneak Circuits of Power Electronic Converters

s
!

Code 3 t —

Cunlmi

Brake Switch| |

Pedal

Switch Flasher RcluyLL Reverse-Gear

Transmission
.
(SAH=) Switch

. Roof mounted
Shift i zj Blue light

Lock Brake Backup i il s
Actuator Lights Lights

(Release)
|

|J=— — — —  Sneak path
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ignition coil latches to the on-board power supply (28 V). The on-board motor cutoff
coil is energized by an on-board abort switch and latched to the on-board power sup-
ply. The abort prior to liftoff is enabled by the pad abort switch and the umbilical
connector and tail ground connector are separate for liftoff breakaway. The Redstone
rocket had launched successfully 60 times until 21 November 1961. On that day, the
Redstone motor fired and began liftoff. After “flight” of a few inches, the motor cut off
and the vehicle settled back on the pad. The Mercury capsule jettisoned and impacted
1200 ft away. The rocket was not allowed to be approached until the batteries had been
drained down and liquid oxygen evaporated. Fortunately, damage was slight; booster
and Mercury capsule were reused later.

This launch failure occurred due to the tail ground connector breaking away 29 ms
prior to umbilicus separation, which meant that it was an incident caused by sneak
timing. The tail ground connector was disconnected earlier than expected, leaving a
current path, as shown in Figure 1.4b, for excitation of the motor cutoff coil through
the ignition indicator light and suppressor diode, then the rocket landed back onto its
launch pad after lifting just a few inches.

1.2.2.5 Three Mile Island Accident

On 28 March 1979, at the Three Mile Island (TIM) nuclear power plant in the USA,
a relief valve solenoid excitation was interpreted as valve position, which resulted in
destroying the TIM-2 reactor.
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Figure 1.5 The #2 reactor of the Three Mile Island nuclear power plant [5]. (Source: Repro-
duced by permission of World Nuclear Association.)

The structure of the TIM-2 reactor is shown in Figure 1.5. The accident involved a
relatively minor malfunction in the secondary cooling circuit, which caused the tem-
perature in the primary coolant to rise. This in turn caused the reactor to shut down
automatically. Within seconds of shutdown, the pilot-operated relief valve (PORV) on
the reactor cooling system opened as intended, and at about 10 seconds later it should
have closed. But it failed to close and the instrumentation did not indicate the valve’s
actual position. The operators believed that the relief valve had shut because instru-
ments showed that a “close” signal was sent to the valve. As the valve remained open,
so much of the primary coolant drained away that the residual decay heat in the reac-
tor core was not removed and part of the core was melted in the #2 reactor. The core
suffered severe damage as a result. Sneak indication has been proved to be the root
cause of this accident [6].

1.2.2.6 Morgantown Rapid Transit System

The Morgantown Personal Rapid Transit (PRT) system is a one-of-a-kind people
mover system in Morgantown, West Virginia, USA. This system entered operation
in 1975 and has operated continually with 98% reliability for over 40 years. Even
in such a highly reliable system, a sneak label problem was found [6]. As shown in
Figure 1.6, a ganged switch S1, which connected both battery and critical system to
the bus, was only labeled as “Battery Disconnect.” When the operator disconnected
the battery from the bus by turning off switch S1, the critical system was de-energized
at the same time.
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Figure 1.6 An example of a sneak label

1.2.3  Basic Causes of Sneak Circuit

As mentioned above, a sneak circuit is an unintended system path (e.g., wiring, tub-
ing, software interfaces, operator actions, instrumentation, mechanical interlocks) or
a latent condition (e.g., timing incompatibility), which is inadvertently introduced
into the system. The principle causes of sneak circuits are system complexity, system
changes, and user operations [1]:

1. System complexity:
A complex hardware or software system normally requires numerous human inter-
faces between subsystems that may obscure intended functions or produce unin-
tended functions. Under typical conditions of system design, it is difficult to ensure
the understanding of subsystem interactions so completely that no possible varia-
tion in the flow of energy or logic, or in the actions of system operators, can fail to
be noticed.

2. System changes:
The effects of even minor wiring or software changes to subsystems may be unde-
sired system operations. Because of subsystem interaction, a “fix” or corrective
action that seems only minor and of local significance may produce changes in
system functions that could not reasonably have been anticipated at the design
stage.

3. User operations:
A system that is relatively sneak-free can avoid desired functions, or generate unde-
sired functions if the user employs improper operating methods or procedures. The
cause could be simple human error on the part of the operator or inaccurate infor-
mation supplied to that operator, for example, by a false indicator display or by an
incorrectly labeled control.

With respect to all of these types of causes, complexity is the most common fac-
tor that will cause the sneak circuit. However, even a simple system may have sneak
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circuits as well as the complex one. When systems become more complex, the prob-
ability of overlooking potentially undesirable conditions or creating sneak circuits is
increased proportionately.

1.3 Sneak Circuit Analysis
1.3.1 Definition of Sneak Circuit Analysis

Sneak circuit analysis (SCA) is a generic term for a group of safety analytical tech-
niques employed to methodically identify sneak circuits in systems, which can lead
to anomalous behavior of the system [1, 7]. As described in the last section, a sneak
circuit can be caused by inadvertent activation of signals, or the inhibition of signals
when they are required to be activated. It can also be caused by the operator con-
trolling the system inappropriately, or wrong information set by the system, such as
incorrectly labeled controls or indicators. Therefore, SCA does not look specifically
at the effects of component failures, but rather is concerned with the potential effects
of latent path or logic flow that may exist in the hardware or software, in operator
actions, or in some combination of these elements.

1.3.2 History of Sneak Circuit Analysis

In the past, sneak circuits were often discovered after the unintended effect had been
observed in the actual system operation. Detection at this stage in the life cycle not
only results in exposing the possibly serious operational effects of the sneak circuit,
but may also require a significant expenditure of time and money to correct the prob-
lem and to retrofit the existing system. For these reasons, SCA should be developed
to assist in the detection of sneak circuit early in system development.

Boeing were the first to develop SCA in the late 1960s, when they were commis-
sioned by the National Aeronautics and Space Administration (NASA) to work on the
Apollo and Skylab systems, in order to identify the designed-in conditions that could
inhibit desired system functions or lead to catastrophic or otherwise financially costly
incidents, such as the Redstone rocket launch failure. At that time, SCA was applied to
purely electric circuits, which consisted mainly of discrete components such as relays,
resistors, diodes, and vacuum tubes, and so on. Later, SCA was developed further by
Boeing to cover computer software and complex designs that integrate hardware and
software.

A company named Independent Design Analyses (IDA) has further developed
a SCA technique since 1994, and used it to analyze Programmable Logic Devices
(PLDs), Complex Programmable Logic Devices (CPLDs), and Application Specific
Integrated Circuits (ASICs), and also applied it to software such as Sneak Software
Analysis (SSWA). In 1997, the European Space Agency (ESA) published a procedure
for implementing SCA, which specifically covered the application of SCA to both
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hardware and software. It not only described the basic SCA procedure but also
included a process which used the application of “clues” directly to components, to
ensure that good design practices had been used throughout the system [8].

1.3.3  Methods of Sneak Circuit Analysis

SCA has been used extensively over the last 50 years as a safety analysis technique
to verify the functionality of safety critical systems, and to remove any sneak paths
that may have been inadvertently designed into the system. It has been used in various
applications of differing complexity and make-up, from early electric circuits involv-
ing just discrete components, through analysis of software, to systems combining both
software and complex integrated circuits. Among the currently available SCA meth-
ods, sneak path analysis, digital SCA, and software sneak path analysis have proved
to be particularly useful [1].

1. Sneak path analysis:
Sneak path analysis is a methodical evaluation of all possible electrical paths in
a hardware system, which is used primarily to detect sneak circuits in electrical
circuits.
The sneak path analysis process consists of the following steps:

(i) design elements, such as switches, diodes, and resistors, are converted into
data inputs;
(i) computer runs path finding programs to identify all possible continuities for
each operating mode of interest; and
(iii) the program outputs are used to employ recognition of topological or func-
tional patterns, with the aid of a rule base (i.e., sneak clues) derived from
previous sneak circuit analyses.

2. Digital sneak circuit analysis:
Digital SCA is performed on networks composed of digital functional modules, in
which the elements of interest include logic gates, registers, flip-flops, and timers.
Unlike sneak path analysis, which seeks to identify undesired paths in hard-wired
circuits, digital SCA is concerned primarily with logic errors and inconsistencies,
timing races, improper operating modes, and unintended switching patterns.

3. Software sneak path analysis:
Software sneak path analysis examines computer program logic flows through an
adaptation of the method used in sneak path analysis of hardware systems. Expe-
rience has shown that program flow diagrams containing sneak paths often exhibit
similar characteristics.

SCA can be realized by the computer automatically, regardless of which SCA
method is performed, and the requirement of collection, processing, and evaluation
of detailed system design information is common [9]. The SCA results may be used
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to support the activities of a variety of system functions, but its most important use is
to aid in the improvement of design reliability prior to product manufacture and test.

1.3.4 Benefits of Sneak Circuit Analysis

SCA aims to identify the latent conditions within a system during the design process,
thus SCA can benefit a system in the following ways [1].

1.

Detection of potentially serious system problems:

The major benefit of SCA results from the careful examination of a system for
problems such as undesired and unintended current or logic paths, out-of-sequence
events, false displays, and incorrect function labels. Identification of such anoma-
lies is not the normal result of other analysis methods; generally, it is a unique
output of SCA.

Discovery of design oversights:

An SCA requires a detailed listing of components, connections, and timing
sequences as well as current and signal flows, which gives a good chance of
uncovering “design concerns” or possible design oversights. Examples of the
types of concerns identified from an SCA, or from further investigation are
part over-stressing, single failure point, unnecessary or unusual circuitry or
components, lack of transient protection, and component misapplications.

. Discovery of documentation errors:

The detailed examination of system interfaces and circuitry required by SCA has,
in many cases, uncovered drawing and documentation errors that might otherwise
have escaped notice until a later stage of the development process.

Reduction in system-change costs:

SCA is an analysis tool that can be used for hardware and software systems to iden-
tify latent paths, which will cause unwanted functions or inhibit desired functions,
assuming all components and codes are functioning properly. Then a significant
benefit of SCA is the prediction of these problems before they occur in test or oper-
ation. It is obvious that correction is more difficult and more time-consuming when
physical changes to the system rather than modifications to drawings are required.
Thus, the cost of modifications and redesign will be reduced if the problems are
identified early in the development phase.

. Improvement to system reliability and safety:

The intent of the generally applied reliability and safety analysis is to identify
system failures that will result from component failures. While such events cer-
tainly contribute a large share of a system’s reliability problems, it is now clear that
system failures can occur in the absence of part failures. Precluding such events
through the use of SCA represents a real improvement in system reliability and
safety.
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6. Reduction in testing and analysis requirements:
Dependence on extensive and time-consuming testing to detect sneak conditions
adds to the cost of the development program and does not necessarily assure that
such conditions will be identified. For example, a combination of events that can
generate sneak circuits might not occur in a test routine; but a properly conducted
SCA is specifically directed toward discovering such unusual conditions.

7. Benefit to other analysis:
Applying SCA in the development phase can complement and facilitate other
required analysis. As noted above in the discussion of design oversights,
the detailed design review involved in SCA can identify misapplications,
over-stressing, and similar problems. Equally important, some of the intermediate
results of the SCA can materially assist in the performance of other reliability
analysis.

Boeing has applied the SCA technology in over 200 projects for commercial,
NASA, Department of Defense, and Boeing customers. In these projects, approaching
5000 sneak circuit problems have been identified and corrected, resulting in cost
savings of hundreds of millions of dollars.

1.3.5 Relationship between Sneak Circuit Analysis and other Safety
Techniques

The SCA technique differs from other systems analysis techniques in that it is based
on identifying designed-in inadvertent modes of operation and is not based on the
failed part. The relationship between SCA and other safety techniques are introduced
briefly below [9—-12].

Hazard and Operability analysis (HAZOP) is a safety technique conducted early
in the developing cycle, which aims to identify potential safety hazards within a sys-
tem caused by a parametric change in the flow of energy, whereas SCA looks for an
undesired flow of energy in the form of a sneak path. HAZOP is undertaken using a
different approach to SCA. It is performed by applying guide words, one at a time,
that describe a non-idealistic behavior, to each of the flows (electrical signals) that are
present in the system, in turn, to determine any adverse effects caused by that par-
ticular behavior. Guide words considered include both quantitative (e.g., less, more,
none) and temporal aspects (e.g., early, late) applied to the flows in the system. SCA
is a technique that complements HAZOP, since SCA looks for obscure interactions in
the design of a system, whereas HAZOP investigates the effect of changes in the flow
between functions in the system.

Functional Failure Analysis (FFA) is another safety technique, which considers the
effects of a shortfall in the behavior of a function within the system, so it is performed
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at functional level early in the design cycle, usually before the detailed design has
been undertaken. FFA considers omission, commission, and invalid operation of the
function to determine the possible effects and allow derived safety requirements to be
generated to mitigate any potential safety impact. FFA would therefore be undertaken
much earlier than SCA, since SCA is generally applied when a significant amount
of design detail is available to evaluate, in order to identify sneak paths, as it is not
possible to locate all sneak paths just by looking at the proposed functional hierarchy.

Failure Mode and Effect Analysis (FMEA) considers an aspect of system safety
analysis that SCA does not cover, that is, it covers the consideration of failures of the
system, through only one failure at a time. SCA is not concerned with failure mode
analysis, so FMEA is a complementary technique that should be used in addition to
SCA. There may be some overlap between these two techniques in what they highlight
as problems, particularly from the design concern aspects output of SCA, some of
which could lead to actual failures and hence will be caught by an FMEA.

In summary, SCA can be effectively blended with other safety techniques to iden-
tify design and fault related problems in a cost-effective manner. System reliability is
improved by the combination of different safety techniques.

1.4 Power Electronic System and Sneak Circuit Analysis

SCA has been conducted on hardware and software to identify latent circuits and
conditions that inhibit desired functions or cause undesired functions to occur with-
out a component having failed. It has been used extensively over the last 50 years as
a safety analysis technique to verify the functionality of safety critical systems and
to remove many sneak paths that may have been inadvertently designed into the sys-
tem. It has been used in various forms to target applications of differing complexity
and make-up, from early electric circuits involving just discrete components, through
analysis of software only projects, to systems combining both software and complex
integrated circuits.

SCA is considered for application on high criticality systems, where undetected
design flaws may cause catastrophic events, such as loss of life, critical system fail-
ure, or loss of mission. As the power electronic system plays an important role in
electric power application, SCA should be carried out in the power electronic system
to improve its reliability and safety. However, the power electronic system is one kind
of switched-mode system in which the power electronic components are switching
on/off under a fixed control sequence, in order to convert the input voltage or current
to another form with higher efficiency.

As inductor and/or capacitor are often used as energy storage components in power
electronic systems, there will be many electrical current paths in power electronic sys-
tem, except those from source to ground. On the other hand, since the power electronic
component, for example, Power Diode, Power MOSFET (metal oxide semiconductor
field effect transistor), IGBT (insulated gate bipolar transistor), and so on, has parasitic
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parameters, it is impossible to consider it as an ideal switch only with ON and OFF
states, then the current flows in the power electronic system will be more compli-
cated than those in the electrical system. Therefore, the presented SCA methods are
not suitable for analyzing the sneak circuit problems in the power electronic system.
The sneak circuit phenomena should be studied to investigate the SCA method for the
power electronic system.

1.5 Arrangement of this Book

This book starts with an introductory chapter and moves on to power electronic
converter topics on sneak circuit phenomena, methods for SCA and application
guidelines. The book is organized into three parts, the first of which includes Chapters
2-5 on sneak circuit phenomena of some typical power electronic converters, such
as resonant switched capacitor converters, basic non-isolated DC-DC converters,
soft-switching converters, Z-source converters, and synchronous converters. The
next part, including Chapters 6 and 7, presents three sneak circuit path analysis
methods for power electronic converters based on the generalized matrix, adjacency
matrix, and Boolean matrix respectively, and one sneak circuit mode analysis method
based on mesh combination. The final part, comprising Chapters 8 and 9, focuses
on the guidelines concerning elimination and application of sneak circuits in power
electronic converters.

This book will help researchers and engineers, in the power electronics field and the
related industries, to understand the fact that sneak circuits exist in power electronic
systems objectively, and how to carry out SCA at the design stage to improve the
reliability of power electronic systems.
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Sneak Circuits of Resonant
Switched Capacitor Converters

2.1 Introduction

The switched capacitor (SC) converters are one kind of power electronic converters
that do not require any inductor or transformer, only using capacitors as the energy
storage components [ 1, 2]. With the advantages of small volume, low weight, high effi-
ciency, and easy integration, SC converters can adapt to the developing trend of power
electronics. However, the SC converter has inherent disadvantages of high current
stress and EMI (Electro Magnetic Interference) problem [3, 4]. In order to improve the
performance of SC converters, a new topology named the resonant switched capacitor
(RSC) converter has been proposed, in which an inductor is added in series with the
SC[5, 6]. The inserted inductor is very small, mainly used to make up an LC resonant
tank with the SC and realize zero-current switching (ZCS) for all switches. Thus, the
power dissipation and EMI will be reduced and the advantages of the SC converter
will be kept in RSC converters.

Compared with the SC converter, only one component is added in the RSC con-
verter, but it is found that some new circuit paths (i.e., sneak circuits) do exist in RSC
converters [7]. In this chapter, different types of sneak circuit phenomena in RSC
converters will be introduced and the operating conditions of a sneak circuit will be
described in detail.

2.2 Sneak Circuits of Basic RSC Converter

The elementary unit of a RSC converter is composed of two switching devices (S,
and S,), two diodes (D, and D,), one SC C,, and one resonant inductor L,, as shown
in Figure 2.1a. By connecting the four ports of the elementary RSC unit in different
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Figure 2.1 Structure of basic RSC units: (a) elementary; (b) step-down; (c) step-up; and
(d) inverting

ways, step-down, step-up, and inverting RSC units can be obtained, which are shown
in Figure 2.1b—d respectively.

2.2.1 Sneak Circuits of Basic Step-Down RSC Converter

Based on the step-down RSC unit in Figure 2.1b, the basic step-down RSC converter
is shown in Figure 2.2. The control switches used in the RSC converter, such as Power
MOSFET (metal oxide semiconductor field effect transistor) and IGBT (insulated
gate bipolar transistor), have the normal inverse conduction characteristics, then an
anti-parallel diode can be added in parallel with the switch.

\ D :
: Co== I [] Ve

N D>

Figure 2.2 Basic step-down RSC converter
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Figure 2.3 Typical waveforms of basic step-down RSC converter in the normal operating
mode (f, < f,)

2.2.1.1 Normal Operating Mode of Basic Step-Down RSC Converter

In the normal operating mode, S; and S, are turned on in turn with the same duty
ratio, and the switching frequency f, must be smaller than the resonant frequency
f= ﬁ (i.e., f; < f,) to ensure ZCS of switches and diodes. Figure 2.3 shows the

typical waveforms of driving signals v, for §; and v,, for S, inductor current i, , and
SC voltage v.

Assuming that all the components are ideal, both the on-state resistance of the
switch and the voltage drop of the diode are ignored, the output capacitor C, is large
enough to obtain a nearly constant instantaneous output voltage V,. As shown in
Figure 2.3, the normal operating process of the basic step-down RSC converter can be
divided into four stages, and the corresponding equivalent circuits are demonstrated
in Figure 2.4a—c, where stages II and IV are the same.

Stage I (ty, t;)

S, and D, are turned on with zero-current at ¢ = ¢, and C, is charged by input voltage

source V;. Based on Figure 2.4a, the circuit equation of stage I and its solutions are
di

w:gﬁ+%+n (2.1)

V=V, —velty)
()= %

r

ve(t) = (Vi = V,) = (Vi = V, = ve(t)) cos o, (1 — 1) 2.3)

sinw,(t — ty) (2.2)
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Figure 2.4 Equivalent circuits of basic step-down RSC converter in normal operating mode:
(a) equivalent circuit of stage I; (b) equivalent circuit of stage Il or I'V; and (c) equivalent circuit
of stage I1I

where v(1,) is the value of the SC voltage at #,, resonant angular frequency o, =
1 T _ L,
i and characteristic impedance Z, = c
Assuming that i; (f) = 0 at ¢ = ¢, at that time the charging process of C, is finished
and v increases to its maximum value V.., which is

VCmax = 2V1 - 2Vo - VC(IO) (24)

Stage 11 (¢, t,)

As shown in Figure 2.4b, all the switching components are off because i; is equal to
zero, and v remains at its maximum value V., that is, v(f;) = V- The output
capacitor C, discharges to the load resistor R;.
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Stage 111 (tz, t3)
S, and D, are turned on with zero-current at t = ¢, and C, is discharged to the load.
Based on Figure 2.4c, the circuit equation of stage III and its solutions are

L4 vV, =0 25

rz + VC -V, = ( . )

i (1) = V_TVC(I” sin @, (1 — 1,) 2.6)
vC(t) = Vo - (Va - vC(t2)) Cos wr(t - [2) (27)

Similarly, when ¢ = 15, i; (f) = 0, then the discharging process of C, is finished and
v decreases to its minimum value Vi, which is

VCmin = 2Va - VCmax (28)

Stage IV (t3, ty)
As all the switching devices are off and v is kept at its minimum value V;,, that is,
ve(tg) = Viemin, then, Equation 2.4 becomes

Vemax = 2V, - 2Vo — Vemin (2.9

From Equations 2.8 and 2.9, we obtain

y =i (2.10)

o 2 .
Equation 2.10 shows that the relationship of input voltage and output voltage of a
basic step-down RSC converter in the normal operating mode is fixed and determined

by the converter structure only, which is the same as the traditional RC converter.

2.2.1.2 Sneak Circuit Mode of Basic Step-Down RSC Converter

With the same control strategy, if the inductor current i; does not stop immediately
after a half resonant cycle, and keeps resonating to the inverting direction as shown
in Figure 2.5, there must be some new current paths appearing in the converter
operation [8].

By analyzing the structure of the basic step-down RSC converter in Figure 2.2, it
is the anti-parallel diode of the switch (e.g., Dg; of S; or Dy, of S,), which consists
of the freewheeling current path of ;. As we know, Dy, and Dy, do not participate in
the converter operation in the normal operating mode, therefore the current path with
Dy, or Dy, belongs to the sneak circuit path of the basic step-down RSC converter.

As shown in Figure 2.5, when f, < f./2 is selected to ensure ZCS, the operating
process of the basic step-down RSC converter includes six stages when the sneak
circuit appears, where stages I, I, III, and IV are the same as those in the normal
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Figure 2.5 Typical waveforms of basic step-down RSC converter in sneak circuit mode (f; <
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operating mode; the other two (stages I’ and III") are with sneak circuit paths and
their corresponding equivalent circuits are shown in Figure 2.6a,b respectively.

The operating stages of a basic step-down RSC converter under sneak circuit mode
are analyzed as follows:

Stage I (1, t,)
S, is turned on, and the operating process is the same as that in normal conditions,
and Equations 2.1-2.4 become available.

Stage I' (1, t,)
As the inductor current i; continues to resonate in the negative direction, D is invert-
ing biased, but Dg; and D, are forward biased with zero-current, which means that
the energy stored in the SC C, is fed back to the input power source, and the capacitor
voltage v drops at this stage. Based on Figure 2.6a, the circuit equation of stage I’ is
di
dt

As i;(t;) = 0 and v(#;) = Vpmao the inductor current and the capacitor voltage of
this stage can be expressed as

V,=L—Lt + v, 2.11)

V,—V,
i (1) = TC’“ sinw,(t — 1,) (2.12)

r

Ve(®) = Vi = (V; = Vi) 08 @, (1 = 1;) (2.13)
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(b)

Figure 2.6 Equivalent circuits of basic step-down RSC converter in sneak circuit mode:
(a) equivalent circuit of stage I'; and (b) equivalent circuit of stage I1I'

When ¢ = t,, the resonance process is finished and #; (f) = 0, so the SC voltage is
ve(ty) =2V — Venax (2.14)

Stage 11 (t,, t3)
All the switching devices are turned off and v, keeps at v(2,).

Stage 111 (5, ty)
S, is turned on, and the operating process is the same as that in normal conditions,
and Equations 2.5-2.7 are still available.

Similar to Equation 2.8, the SC voltage at t = 1, is

VC(t4) = VCmin = 2Vo - VC(IZ) = 2(Vo - Vl) + VCmax (215)

Stage IIT' (t,, ts)

As the inductor current i; continues to resonate in the positive direction, D, is inverting
biased, but Dy, and D, are forward biased with zero-current, which means that the
energy in resonant inductor L, is transferred to the SC C,, then v rises at this stage.
Based on Figure 2.6a, the circuit equation of stage III" and its solutions are

i
L—t+ve=0 (2.16)
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V.
i () = —M sinew, (¢ — 1,) (2.17)

r

VA .
ve(t) = ;‘“‘“ cosw,(f — 1) (2.18)

r

At t = t5, the resonance is finished and i; () = 0, then

vel(ts) = =Vemin (2.19)

Stage 1V (ts, tg)
All the switching devices are off and v remains at v(s), therefore

ve(ty) = velts) = —Viemin (2.20)

Ignoring any power loss and considering energy conservation, the input energy of
the power source is equal to the consumed energy of load resistor in one switching
cycle, that is

4 t Vv 2
V; / ip (H)dt + / i (t)dt] = (2.21)
l [ 0 N Ry,
Substituting Equations 2.2 and 2.12 into the above equation, we obtain
v,?
Vi[(VCmax - VC(tO)) + (VC(tZ) - VCmax)] = RLCrfS (222)
Substituting Equations 2.14 and 2.20 into Equation 2.22, then
V2
Vil2Vi = (Vemax = Vemin)l = RL({’:rfs (2.23)
Based on Equation 2.15, the relationship between V.« and Vo is
Vemax = Vemin = 2(V; = V,) (2.24)
Substituting Equation 2.24 into Equation 2.23, the output voltage is
V,=2R,;C, f,V; (2.25)

It is obvious that the average output voltage of the basic step-down RSC converter in
sneak circuit mode is related to converter parameters (such as R; and C,) and operating
conditions (such as V; and f;), which is very different from that in normal mode, thus
the sneak circuit leads to an unexpected performance.

2.2.1.3 Sneak Circuit Conditions of Basic Step-Down RSC Converter

The precondition of sneak circuit phenomena is that there is a sneak circuit path
existing in the converter. In the basic step-down RSC converter, S; and D, Dy, (the
anti-parallel diode of S, ) and D, constitute bi-directional current paths for the inductor
current i; . In the normal operating mode, i; flows through the circuit path with S, and
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D, only. When sneak circuit phenomenon appears, i; flows through not only the circuit
path with S; and D, but also the one with Dg; and D,. Therefore, the occurrence of
the sneak circuit can be derived from the condition that the current flowing through
the sneak path is not equal to zero.

Based on the inductor current expressions in stages I’ and II', that is, Equations 2.12
and 2.17, the sneak circuit will appear when the following equation is satisfied:

Vi—Vemax <0 and =V, >0 (2.26)
According to Equation 2.24 and combining the above two inequalities, we have
2V, -V, <0 (2.27)

Substituting Equation 2.25 into Equation 2.27, the sneak circuit condition of a basic
step-down RSC converter can be obtained, which is

4R,C, 1, < 1 (2.28)

If some disturbances that make Equation 2.28 satisfied, sneak circuit phenomena
will appear. Otherwise, the converter will operate in the desired way.

2.2.1.4 Experimental Verification of Basic Step-Down RSC Converter

In order to verify the above analysis, a prototype of a basic step-down RSC con-
verter is constructed based on Figure 2.1. IRFZ44N is selected for the switch and
S3SC4M is selected for the fast recovery diode. The parameters of prototype are L, =
570 nH, C, =3 pF, C, = 330 pF, f, = 120 kHz, f, = 50 kHz, and V; = 5 V. Based on
Equation 2.28, the sneak circuit condition of the prototype is R; < 1.67 Q.

The experimental waveforms of i; and v at R; = 6.6 Q are shown in Figure 2.7a,
which is consistent with the ideal ones in Figure 2.2 and prove that the prototype is
working in normal operating mode. When the load is changed to R; = 0.4 Q, and
the experimental waveforms can be obtained as in Figure 2.7b, it is obvious that the
sneak circuit phenomena appear and the correctness of sneak circuit conditions has
been confirmed.

2.2.2  Sneak Circuits of Basic Step-Up RSC Converter
2.2.2.1 Normal Operating Mode of Basic Step-Up RSC Converter

The basic step-up RSC converter is illustrated in Figure 2.8. As the value of output
capacitor C, is large enough, the output side can be regarded as a DC voltage source
V,. Hence, the waveforms and equivalent circuits of the basic step-up RSC converter
in the normal operating mode are shown in Figure 2.9.

Ignoring the loss of devices, the normal operating process of the basic step-up RSC
converter can be divided into four stages in the steady state.
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Figure 2.7 Experimental waveforms of basic step-down RSC prototype under different load
resistance: (a) R, = 6.6 Q; and (b) R, = 0.4 Q
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Figure 2.8 Basic step-up RSC converter

Stage 1

S, and D, are turned on with zero-current, SC C, is charged by the input voltage source
V;, and only the output capacitor C, provides energy to the load resistor R; . The input
energy to the converter at this stage is

h
)
Stage 11

At this stage, the inductor current is zero. Meanwhile, all the switching devices are
turned off, and C, keeps discharging to R; .
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Figure 2.9 Waveforms and equivalent circuits of basic step-up RSC converter in normal

operating mode (f; < f,)

Stage 111

S, and D, are turned on with ZCS, and V; and C, provide energy to R; simultaneously.

The input energy to the converter at this stage is

5]
o)

and the output energy to the load at this stage is

I3
E03 - _V()/ lL(t)dt
53

Stage 1V
The operating process is the same as that in Stage II.

(2.30)

2.31)
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As the resonant inductor L, is in series with the SC C,, equating the integral of the
capacitor current (i.e., i;) over one switching period to zero yields

T, L I3
/ iL(t)dt=/ iL(t)dt+/ i;(tdt=0 (2.32)
0 t() t2

Based on the principle of energy conservation, we have
En+Ez=Eg; (2.33)
Substituting Equations 2.29-2.32 into Equation 2.33, the average output voltage is
V,=2V, (2.34)

It is obvious that the output voltage of a basic step-up RSC converter in normal
operating mode is fixed and determined by the converter structure only, which is the
same as the traditional RC converter.

2.2.2.2 Sneak Circuit Mode of Basic Step-Up RSC Converter

Referring to the sneak circuit phenomena of the basic step-down RSC converter
described in Section 2.1.1, the anti-parallel diodes Dg; and Dy, in the basic
step-up RSC converter can also comprise sneak circuit paths, which are shown in
Figure 2.10 [9].

D, Dy
[ |
| = |
+
Sa
V; g~ Ry [] V.
S ! 4
Dy
+
S5
Vi ! C= R [] V.
S |5 & .

(b)

Figure 2.10 Sneak circuit paths of basic step-up RSC converter. (a) Sneak circuit path with
Dy, and (b) sneak circuit path with Dg,
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Figure 2.11 Typical waveforms and equivalent circuits of basic step-up RSC converter in
sneak circuit mode (f; < f,/2)

If these two sneak circuit paths participate in the converter operation, then the
inductor current i; can flow bi-directionally. Thus, the typical waveforms and equiv-
alent circuits of a basic step-up RSC converter in sneak circuit mode are shown in
Figure 2.11, and the operation process can be divided into six stages.

Stage I (ty, t;)
This stage is the same as that in the normal operating mode. The expression of the
inductor current is

. Vi—velto)

i) = — sinw,(t — y) (2.35)
Based on the equivalent circuit of stage I and Equation 2.35, the maximum value of
the SC voltage can be obtained at the end of this stage, that is

Vemax = velty) =2V = ve(ty) (2.36)
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Stage I' (1, t,)
The inductor current keeps resonating in the negative direction, through the circuit
path L,-C,-D,-V,,-Dg;. The inductor current at this stage is expressed by

v, -V,
i (1) = % sinw,(t — 1,) (2.37)

r

Based on the equivalent circuit of stage I’ and Equation 2.37, the SC voltage at the
end of this stage is

Vc(tz) = ZVO - VCmax (238)

Stage 11 (t,, t3)
This stage is the same as that in normal operating mode, and v(#3) = v(,).

Stage 111 (t3, t4)
This stage is the same as that in normal operating mode, and the inductor current of
this stage can be expressed by

V, = Vi—ve(ts)

7 sinw,(t — 13) (2.39)

i( =
Based on the equivalent circuit of stage III and Equation 2.39, the minimum value
of the SC voltage can be obtained at the end of this stage, that is

VCmin = VC(t4) = 2(V0 - Vl) - VC(tS) = VCmax - 2V1 (240)

Stage III' (t3, t4)
The inductor current keeps resonating in the positive direction, through the circuit
path L,-Dg,-D;-C,. Thus the inductor current of this stage is expressed by

_VCmin

i, () = sinw,(t — t;) (2.41)

Based on the equivalent circuit of stage III' and Equation 2.41, the SC voltage at
the end of this stage is

vC(tS) = _VCmin (2.42)

Stage IV (ts, tg)
This stage is the same as that in normal operating mode, and v(#y) = v(ts).

Due to the energy provided to the load-side during stages I’ and III being equal to
that consumed by the load resistor in one switching period, we obtain

15} 1y ng
- (Vo /t ip(Odt+V, / iL(t)dt> =R 7 (2.43)

1




Resonant Switched Capacitor Converters 33

Substituting Equations 2.37 and 2.39 into the above equation, we have

VU
2[(Vemax = Vo) + (ve(t3) + Vi = V)1 = R.C. T (2.44)
Therefore
V, =2R,C, f,V; (2.45)

From Equation 2.45, the basic step-up RSC converter demonstrates an unexpected
characteristic in sneak circuit mode, because its average output voltage V,, no longer
remains at 2V, but relates to circuit parameters (such as C,) and operating conditions
(such as R;, f).

2.2.2.3 Sneak Circuit Conditions of Basic Step-Up RSC Converter

Based on the above analysis, it is clear that the paths constituted by Dg, and D,, Dy,
and D, belong to the sneak circuit paths of a basic step-up RSC converter, then for the
sneak circuit conditions, it can be considered that the inductor current of stages I’ and
III" are not equal to zero. From Equations 2.37 and 2.41, we know that V, — Vo, < 0
and =V, > 0, that is

V, = Vemax <0< =Vemin (2.46)

Rearranging the above inequality, we have
VCmax - VCmin > Vo (2.47)

Substituting Equations 2.40 and 2.45 into Equation 2.47, the sneak circuit condition
of a basic step-up RSC converter is

R.C. f <1 (2.48)

Therefore, if the circuit parameters and operation conditions of a basic step-up RSC
converter do not satisfy Equation 2.48, the converter will operate normally. Otherwise,
if there is a disturbance such as load R; decreasing to satisfy Equation 2.48, then sneak
circuit phenomenon will appear.

2.2.2.4 Experimental Verification of Basic Step-Up RSC Converter

To verify the above analysis, a basic step-up RSC prototype is built based on
Figure 2.8. IRFZ44N and S3SC4M are selected to be the switch and fast recovery
diode respectively. The parameters of prototype are listed as L, = 400 nH, C, = 3 pF,
C, =330 pF, f, = 145 kHz, f, = 50 kHz, and V; = 5 V. Based on Equation 2.48, the
sneak circuit condition of the prototype is R; < 6.67 Q.

The experimental waveforms of inductor current i; and SC voltage voat R, = 15 Q
are shown in Figure 2.12a, from which it is clear that the prototype is working in
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Figure 2.12 Experimental waveforms of basic step-up RSC prototype under different load
resistance: (a) R, = 15 Q; and (b) R, =4.7 Q

normal operating mode. The experimental waveforms at R; = 4.7 Q are shown in
Figure 2.12b, which is different from Figure 2.12a and ensures that the sneak circuit
phenomena appear.

Therefore, the experimental results are consistent with the above theoretical anal-
ysis. It should be stated that the input power source is not ideal and contains inter-
nal resistance, which leads to some difference between experimental waveforms and
theoretical waveforms.

2.2.3 Sneak Circuits of Basic Inverting RSC Converter

The basic inverting RSC converter is shown in Figure 2.13, which is one type of RSC
converter where its output voltage is negative-polarity with respect to the common
terminal of the input voltage. Normally, each switch is turned on for one half-cycle,
the typical operating waveforms and equivalent circuits in normal operating mode are
shown in Figure 2.14.

Figure 2.13 Basic inverting RSC converter
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Figure 2.14 Typical waveforms and equivalent circuits of basic inverting RSC converter in
normal operating mode (f; < f.)

It is known that the integral of capacitor current in one switching period equals zero,
and from Figure 2.14, we have

T, al 5]
/ ic(Hdt = / i, (dt + / i,(Hdt =0 (2.49)
0 t() L

Based on the principle of energy conservation, the energy provided by the input
voltage source equals that sent to the load, that is

I I3
v, / i(dt =V, / i, (t)dt (2.50)
7 1,

0

Combining Equations 2.49 and 2.50, the output voltage is
V,=-=V, (2.51)

Consequently, the relationship between input and output voltages of a basic invert-
ing RSC converter in normal operating mode is determined by the converter structure,
so any disturbance in the converter parameters or operating conditions has no influence
on the output voltage.
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Figure 2.15 Typical waveforms and equivalent circuits of basic inverting RSC converter in
sneak circuit mode (f; < f./2)

Similar to the basic step-up RSC converter, the anti-parallel diodes Dg; and Dy,
could constitute the sneak circuit paths in the inverting RSC converter, which provide
different paths for the inductor current. When these sneak circuit paths participate in
converter operation, the typical waveforms and equivalent circuits of a basic inverting
RSC converter are as shown in Figure 2.15 [9].

Comparing Figure 2.15 with Figure 2.11, it is found that the equivalent circuits of
a basic inverting RSC converter are similar to those of a basic step-up RSC converter
when sneak circuits appear. Hence, by using the analytical method of Section 2.1.2,
the output voltage of a basic inverting RSC converter in sneak circuit mode is

V() = _2RLCrf:YVi (252)

Therefore, when sneak circuits appear, the basic inverting RSC converter will
demonstrate an unexpected characteristic, and the relationship between input and
output voltages no longer keeps constant, but is determined by the circuit parameters
(such as C,) and operating condition (such as R; and f;).

Referring to Section 2.1.2, the sneak circuit condition of a basic inverting RSC
converter can be derived as

2R, C,. f, < 1 (2.53)
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Figure 2.16 Experimental waveforms of basic inverting RSC prototype under different load
resistance: (a) R; =4.7Q;and (b) R, = 1.1 Q

A prototype of a basic inverting RSC converter was built, in which the components
were the same as the basic step-up RSC prototype described in Section 2.1.2. How-
ever, the corresponding sneak circuit condition of the basic inverting RSC prototype
is R; < 3.33 Q, based on Equation 2.53.

The experimental waveforms of SC voltage v and inductor current i; under dif-
ferent loads are shown in Figure 2.16. It is found that the prototype was working in
normal operating mode when R; = 4.7 Q, but in sneak circuit operating mode when
R; = 1.1 Q. Thus, the experimental results are consistent with the above theoretical
analysis.

2.2.4 Sneak Circuit Performance of Basic RSC Converters

In order to better understand the performance of basic RSC converters, the output
voltage expressions in different operating modes and the sneak circuit conditions are
synthesized in Table 2.1. It can be concluded that the output voltage in sneak cir-
cuit mode is independent of the converter structure, and is closely related to circuit
parameters (such as C,) and operation conditions (such as R; and f;). As shown in
Figure 2.17, the sneak circuits will lead to an unwanted performance, in which the
output voltage of the basic RSC converter is usually lower than that in normal mode.

2.3 Sneak Circuits of High-Order RSC Converter

Since the output voltage of the basic RSC converter is certain in the normal operating
mode, the structure of the RSC converter has been modified to meet the requirements
of larger ratio of input and output voltages.
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Table 2.1 Sneak circuit conditions and output voltage expressions of
basic RSC converters (f;, < f,.)

Converter Output voltage V, Sneak circuit
type Normal mode Sneak circuit mode condition
Step-down V, = % V,=2R,C, [V, R, C.f, < i
Step-up V, =2V, V,=2R,C, [V, R, C.f, <1
Inverting V,=-V; V,==-2R,C,. f,V; R,C.f, < %
4 el Step-up RSC

(]

/ Reverse RSC

1
/ / Step-down RSC
0.5

0 0.25 0.5 0.75 1.0 RiC.f,

Figure 2.17 |V,/V,| versus R; C, f in basic RSC converters

By connecting capacitors and diodes in series or in parallel, different forms of
SC units can be obtained, as shown in Figure 2.18. Commonly, the capacitance of
each capacitor is equal, and the order of the SC unit (expressed as n) is defined by the
number of independent capacitors in the unit. The operating principle of the SC unit is
described by “charging in series and discharging in parallel,” that is, when the SC unit
is charged, the independent capacitors are connected in series by the diodes between
the capacitors, such as D;; in Figure 2.18b and D;; and D,, in Figure 2.18c. When the
SC unit is discharged, the independent capacitors are connected in parallel by other
diodes, suchas D),; and D, in Figure 2.18band D, D,,», D, and D ;3 in Figure 2.18c.

2.3.1 Sneak Circuits of High-Order Step-Down RSC Converter
2.3.1.1 Normal Operating Mode of High-Order Step-Down RSC Converter

If the SC in the basic step-down RSC converter is replaced by a SC unit with n—1
independent capacitors, then a n-order step-down RSC converter can be constructed,
as shown in Figure 2.19 [10].
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Figure 2.19 n-order step-down RSC converter

When S, is turned on, n — 1 SCs are charged in series by the input voltage source,

. . 1 —1 .
and the charging resonant frequency isf,,,; = oy "L—C However, when S, is turned on,
T

n — 1 SCs are discharged to the load in parallel, and the discharging resonant frequency

1S fi0 = é (n—:)LC' In order to realize ZCS, the switching frequency f; should be

smaller than the lower resonant frequency, that is, f; < f,,,0 <fu1-

According to the above operating principle of the high-order step-down RSC con-
verter, the typical waveforms and equivalent circuits in the normal operating mode are
obtained, as in Figures 2.20 and 2.21 respectively. The operating process of the con-
verter can be divided into four stages, as all the devices are assumed ideal to simplify
the analysis.
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\ 4

Figure 2.20 Typical waveforms of the n-order step-down RSC converter in normal operating
mode (f; < f,;2)

Stage 1
As shown in Figure 2.21a, S| and D, are turned on with zero-current at # = ¢, and
the SCs are charged by V; in series. Thus the capacitor current is equal to the inductor
current, that is, i, = i,, (x=1,2, ... ,n—1). When r =1, i; (t) = 0, the capacitor
voltage v, reaches its maximum value.

The input energy from the voltage source in this stage is

gl
E, =V, / iy (Dt (2.54)
1

0

and the output energy to the load in this stage is
gl
E, = VU/ i, (t)dt (2.55)
ly

Stage 11
When all the switching devices are turned off, v, keeps at its maximum value. Only
the output capacitor C, provides energy to the load resistor R; .

Stage 111

When t = 15, S, and D, are turned on with zero-current, and the switching capacitors
are discharged to the load in parallel, as shown in Figure 2.21b. When t = #;, the
capacitor voltage v, drops to its minimum value. Based on Kirchhoff’s voltage law,
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Figure 2.21 Equivalent circuits of the n-order step-down RSC converter in normal operating
mode: (a) equivalent circuit of stage I; and (b) equivalent circuit of stage III
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the state equation for each SC is

diy,
V,=L di +vey (2.56)

Because the capacitance of each SC is selected to be equal, thatis, C; = C, = ... =
C,_, = C,, the derivation of Equation 2.56 is

di’, (1) i
L+ ==0 2.57
dr? C, (2.57)

which means that the current flowing in each SC is equal in stage III, and i, = n’LTl
can be obtained from Figure 2.21b.
The output energy to the load at this stage is

I
Es=-V, / i, (Ot (2.58)
I

Stage 1V
The operating process is the same as that in stage II, but v, keeps at its minimum
value.

According to the integral of the capacitor current over one switching period being
zero, the current of capacitor C, satisfies

L I3 L I3 iL (l‘)
/ icy(Ddt + / iy (Ddt = / ip,(0)dt + / ’—1dt=0 (2.59)
10 h ¢ nb =

0

The energy conservation principle yields E;; = E,,; + E 3, that is

1 f &
Vi / i (Hdt =1V, / i (dt -V, / i (H)dt (2.60)
ly Iy 5
Substituting Equation 2.59 to Equation 2.60 gives
Vi
V,=— (2.61)
n

When the number of SCs in Figure 2.19issetton — 1 = 1 (i.e., n = 2), which means
that there is only one SC in the hi‘fgh—order step-down RSC converter, the correspond-
ing output voltage is V,, = L 3", which is the same as that of the basic step-down
RSC converter. !

From Equation 2.61, it is obvious that the relationship between input and output
voltages of the high-order step-down RSC converter in the normal operating mode is
decided by the topology of the converter or the number of SCs, as well as the tradi-
tional high-order SC converter [11].
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2.3.1.2 Sneak Circuit Mode of High-Order Step-Down RSC Converter

According to the sneak circuit paths in basic RSC converters, the sneak circuit paths of
the high-order step-down RSC converter may be composed of the anti-parallel diode
of the switch, that is, Dy, or Dyg,, which are illustrated in Figure 2.22 [12].

If the sneak circuits in Figure 2.22a exist, it means that the SCs are discharged to
the voltage source in parallel through Dyg,. As all of the SCs are charged in series by
the input voltage through S, in stage I, the voltage on every SC at the end of stage I is
lower than the input voltage V;. Therefore, the sneak circuit paths in Figure 2.22a are
not in fact available.

If the sneak circuits in Figure 2.22b exist, it means that the SCs are charged in series
by the resonant inductor L, through Dy,. This sneak circuit path can appear without
any restriction.

The waveforms of inductor current i;, and capacitor voltage v, of a high-order
step-down RSC converter in sneak circuit mode are shown in Figure 2.23, where the
operating process can be divided into five stages. Among these stages, the equivalent
circuits of stages I, II, III, and IV are the same as those of normal operating mode, and
the equivalent circuit of stage III" is shown in Figure 2.22b. In addition, it is found

that ZCS can be ensured when the switching frequency is satisfied by f, < Ttz

. . . SoriHfa .
Though the resonant inductor and SCs construct different series-resonant circuit
paths in stages L, III, and II’, the inductor current i;, and the voltage of each SC v,

can be expressed in the unified form:

Ve—V
i, () = =—sinw, (t — 1;)
n 2.62
Vg — (Vs = Vi) 05 @, (i — 1) (2.62)
ch(t) = k

nr

where Vy is the equivalent voltage source of the series-resonant circuit, Vi is the
equivalent initial value of the SC voltage, ,, is the equivalent resonant angular fre-
quency, Z,, is the equivalent characteristic impedance, and k,,, is a constant related to
the SC voltage.

Based on the equivalent circuits of stages I, III, and IIl’, the definitions of each
parameter of Equation 2.62 at different stages are summarized in Table 2.2. According
to Equation 2.62 and Table 2.2, the maximum value, minimum value, and initial value
of each SC can be deduced as

( nv, -V,
Vemin = —"—7~
Vi+(n-2)V,
1 Vemax = l :l— 1_) - (2.63)
Vi - nVO
VC(tO) = _VCmin = n—1
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Figure 2.22 Sneak circuit paths in the n-order step-down RSC converter: (a) circuit paths
when Dy, is on; and (b) circuit paths when D, is on

In the steady state, the energy provided to the output side equals that consumed by
the load resistor in one switching cycle, that is

t 2} V 2
\%4 . dt =V jdt = —= 2.64
0/ Iy 0/[ Iy RLfs ( )

0 2
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Figure 2.23 Typical waveforms of the n-order step-down RSC converter in sneak circuit

fnrlfnrQ
mOde (fY < fnrl+fnr2 )

Table 2.2 Parameters of the n-order step-down RSC converter in
sneak circuit mode

Stage I 11 nr
Ik ) 2 I3
VS Vi - Vo Vo 0
VC() (}’l - 1)VC(Z‘()) VCmax (n - 1)VCmin

. =1 I n—1)
n L.C, (n—1)L,C, L.C,
, (n— 1)L, L, (n—1)L,
nr C, (n—1)C, C,
1

n—1 n—1

Substituting Equations 2.62 and 2.63 into Equation 2.64, the output voltage when
the sneak circuit appears can be defined by

V, =2R, f.C,V, (2.65)

which is in accordance with the output voltage of the basic step-down RSC converter
in sneak circuit mode, that is, Equation 2.45.
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Referring to the above analysis, the inductor current of stage III' is not equal to
zero when the sneak circuit appears, which means that —(n — 1)V, > 0 based on
Equation 2.62 and Table 2.2, that is

Vemin 0 (2.66)
Substituting Equations 2.63 and 2.65 into Equations 2.66,
R, fC, < — (2.67)
2n

can be obtained as the sneak circuit condition of the high-order step-down RSC
converter.

Compared to the sneak circuit condition of the basic step-down RSC converter,
that is, Equation 2.28, Equation 2.67 can be considered as a common sneak circuit
condition of the step-down RSC converter, where n = 2 refers to basic step-down
RSC converter.

2.3.1.3 Experimental Verification of Three-order Step-Down RSC Converter

To verify the above analysis, a prototype of a three-order step-down RSC converter
(n=13), as shown in Figure 2.24, was built. As the prototype parameters were selected
to L, =850nH, C, =C, =247 pF, C, =330pF, f,,, = 155kHz, f,,, = 78 kHz,
f, =43 kHz, and V; = 5V, the sneak circuit condition of the prototype is R; < 1.6 Q
based on Equation 2.67, and the experimental waveforms under different load are
shown in Figure 2.25.

When R; = 15 Q, the experimental waveforms of inductor current i;, and SC volt-
age v shown in Figure 2.23a verify that the prototype is operating in the normal
operating mode. Changing the load resistance to R; = 0.2 Q, the experimental wave-
forms of inductor current, SC currents and diode currents, shown in Figure 2.22b,
make it is clear that the sneak circuit phenomena appear at that time. Thus, the cor-
rectness of the sneak circuit paths and sneak circuit conditions has been verified.

Figure 2.24 The structure of a three-order step-down RSC prototype
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Figure 2.25 Experimental waveforms of a three-order step-down RSC prototype under dif-
ferent load: (a) R, = 15 Q; and (b) R, = 0.2 Q

2.3.2  Sneak Circuits of High-Order Step-Up RSC Converter
2.3.2.1 Normal Operating Mode of High-Order Step-Up RSC Converter

The step-up SC unit can be extracted from the basic step-up RSC converter, as shown
in Figure 2.26. If several step-up SC units are connected in the form of the push-pull
structure, and replace the step-up SC unit in the basic step-up RSC converter, then the
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Figure 2.26 Step-up SC unit
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Figure 2.27 n-order step-up RSC converter

high-order step-up RSC converter can be obtained, as in Figure 2.27, in which there
are n — 1 step-up SC units [13].

Based on the principle of ratio equality, S; and S, are switched on in turn. The
normal operating process of a high-order step-up RSC converter can be divided into
four stages, and its typical waveforms and equivalent circuits of each stage are shown
in Figures 2.28 and 2.29 respectively. To simplify the analysis, it is assumed that all the
devices are ideal devices and the capacitance of every SC is equal, thatis, C,; = C,, =

. Cyy—1y = C,. In addition, because the output capacitor C,, (x = 1,2, ... ,n—1)1is
generally large, the output capacitor voltage is constant, which can be regarded as
a DC voltage source, represented by V.. Each stage of the n-order step-up RSC
converter in normal operating mode is analyzed as follows:

Stage I

S1» Da1> Dy, -, Dy—yy are turned on with ZCS. As shown in Figure 2.29a, C,, is
charged by V;, C,, is charged by C,;, C,5 is charged by C,, ..., Cy,_y) is charged by
Cyn—2)» and C,,_;, supplies energy to the load resistor R;.
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Figure 2.28 Typical waveforms of the n-order step-up RSC converter in normal operating
mode (f, < f,.)

At t =1, i;,(t) =0, the SC voltage v,, rises to its maximum value of Vi, max-
According to Kirchhoff’s voltage law, we obtain

Vi=veq +vi,

Vot = Ve + Vi

(2.68)
VCa(n—Z) = vCr(n—l) +Vv,
Differentiating the above equations, we have
( . 2 .
dvi _ien | 40,
dt C dt
. 2 .
dVe,1 _len diy,

4 dt C dt (2.69)

AVeon-ry  lern-y  d%ip,
= +L
dt C dt

L
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Figure 2.29 Equivalent circuits of the n-order step-up RSC converter in normal operating
mode: (a) equivalent circuit of stage I; (b) equivalent circuit of stage III; and (c) equivalent
circuits of stage II and IV

Assuming that V-, is approximate to a constant value, and its derivative equates to
zero. Therefore, the current flowing through each SC is derived from Equation 2.69,
which is .

. _ ILr
o = (2.70)
n—1
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Stage 11
Since the inductor current i;, remains at zero, all the switching devices are turned off,
Vere TEMains at its maximum value, and C,(,_;, discharges to R; .

Stage 111
S2, Dpys Dy . s Dyy,—yy are also turned on with ZVS (zero voltage switching). As
shown in Figure 2.29b, C,, is charged by V; and C,,, C,, is charged by V; and C,,, ...,
Cyn—1) 18 charged by V; and C,,,_y,. Att = 13, i,(t) = 0, v,, decreases to its minimum
value of Vi ymin-

According to Kirchhoff’s voltage law, the circuit equation of stage III can be
expressed by

Vi =Vt Vet VCox (271)
where x = 1,2, ... ,n — 1. Therefore, Equation 2.70 is still available in stage III.
Stage IV
The converter operation is the same as that in stage II, but v,, remains at its mini-

mum value. As the integral of capacitor current is zero in one switching cycle, from
Equation 2.70, we have

7 &) gl i 5] i
/ ot + / iondt = / —dt+ / —dt=0 (2.72)
. i . n—1 , n— 1

0 0

The energy conservation principle yields

f ty f
Vi/ icrldt + Vi <—/ lert> = VO <—/ icr(n_l)dt> (273)
) ) )

Substituting Equations 2.70 and 2.72 into Equation 2.73, we obtain
V,=nV, (2.74)

where n = 2 refers to the basic step-up RSC converter.

From Equation 2.74, it is known that the relationship between input and output
voltages of a high-order step-up RSC converter in normal mode is decided by the
converter topology, which is the number of the step-up SC unit.

2.3.2.2 Sneak Circuit Mode of High-order Step-Up RSC Converter

Similar to the basic step-up RSC converter, the sneak circuit paths of a high-order
step-up RSC converter include the anti-parallel diode of switch Dg; or Dy,. Based on
Figure 2.27, it is obvious that there are n — 1 current paths passing through Dy, which
are L,-C,-Dy-C,;-Dg;, L,-C\»-Djp-Cp-Dyg, ..., Lr'Cr(n—l)'Db(n—l)' o(n—l)(RL)'DSl’
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Figure 2.30 Sneak circuit paths of the n-order step-up RSC converter: (a) circuit paths when
Dy, is on; and (b) circuit paths when Dy, is on

highlighted in Figure 2.30a; there are n—1 current paths passing through Dy,
too, which are L,-Dg,-D,-C,,, L,-Ds,-V;-C,-D »-C,p, L,-Dg,-V;-C 5-D 5-C,5, ..
L,-Dg»-Vi-Cp1-2)-Dyn-1)-C\(n-1)> highlighted in Figure 2.30b [14].

Once the above sneak circuits appear, there will be two more operating stages than
the normal mode, and the corresponding waveforms are shown in Figure 2.31. In
order to ensure ZCS of all switching components, f; < f,/2 is selected, then the oper-
ating process of the high-order step-up RSC converter in sneak circuit mode will be
divided into six stages, and the equivalent circuit of stages I’ and III" are referred to
in Figure 2.30a,b respectively.

Like the analysis method described above, it can be proved that the current flowing
through each SC is equal; moreover, Equation 2.70 is still effective at any stage.

Ignoring the dissipation of the switching devices, the energy sent to the load in
stages I’ and III is equal to that assumed by the load resistor in one switching period,

that is P P
_</2 Lr dt+/4 iy dt)- Yo (2.75)
p on—1 p o n—1 R, f, '

L]
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Figure 2.31 Typical waveforms of the n-order step-up RSC converter in sneak circuit mode

(fs <£:/2)

Taking C,, as an example, the voltage difference on C,, is defined by

1 ty t
VCrlmax - VCrlmin = _E (/ iCrldt + / iCrldt>
r 1 I3
1 123 iL 1y l'L
- / —Ldt+ / —Ldt (2.76)
C.\J, n-1 y, n—1

Substituting Equation 2.76 into Equation 2.75, we have

V

VCrlmax - VCrlmin = R ;C (277)
LJs“r

According to the equivalent circuit of stage I, that is, Figure 2.29a, the voltage of
C,, is expressed by

Verl (t) = Vi - [Vl - Vcrl(to)] COS wn(t - to) (2.78)

1
(n=1)L,.C,

where o, =
converter.

is the resonant angular frequency of the n-order step-up RSC
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When t =1¢,,
veri (1) = Verimax = 2V = v () (2.79)

According to the equivalent circuit of stage III', Figure 2.30b, the voltage of C,, is
expressed by
Vert() = Verimin €08 @, (f — 1) (2.80)

When ¢ = 15,
ver(ts) = ver () = —Verimin (2.81)

Substituting Equations 2.79 and 2.81 into Equation 2.77, we obtain
V, =2R, f,C.V, (2.82)

When sneak circuits appear in the high-order step-up RSC converter, its output volt-
age is no longer decided by the converter topology, but relates to circuit parameters
or operating conditions instead.

2.3.2.3 Sneak Circuit Conditions of High-Order Step-Up RSC Converter

Referring to the sneak circuit conditions of the basic step-up RSC converter, it is
known that when a sneak circuit appears in a high-order step-up RSC converter, the
inductor current will not be equal to zero in stages I or III'. Again, taking C,, as an
example, the expressions of the SC current in stage I’ and III" are

VCol - VCrlmax
=17,

- VCr Imin

(n—1Z,

i () = sinw,(t — 1)
(2.83)

iCrl ([) = sin C()n(t - t4)

where Z, = ,/# is the characteristic impedance of the n-order step-up RSC
converter. '

Because i., = n’i’ , the sneak circuit conditions can be deduced from
Equation 2.83 and Figure 2.31, which are
Veor = Verimax <0 (2.84)
Vertmin <0

Substituting Equations 2.79 and 2.81 into Equation 2.84, the inequality changes to
Veor <2V, (2.85)

According to equivalent circuit of stage I in Figure 2.29a, when ¢ = ¢, the inductor
voltage satisfies

v (10) = Vi=ver(to) = Veor = ven(to) =+ = Veou-2) = Varm-1(to)  (2.86)
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According to equivalent circuit of stage I’ in Figure 2.30a, when ¢ = ¢, the inductor
voltage satisfies

vi(t1) = Veor =vern(t) = Vegr = Vet = -+ = Vepu—2) = Verm-2 (1)
=V, = Veru-n(t1) (2.87)
Subtracting Equation 2.83 from Equation 2.84, we have
v (1) = v to) = Vi= Veor = Ve (t) = ven (t)]

= Veor = Veor = Vern(t)) — vea(ty)]

=V, = Veon-2) = Verm-2t1) = Verp-1)(t)] (2.88)

As the current flowing through each SC is equal, we have

Ver () = ver (o) = Voo (t) = vea (o) = -+ - = Ve () = Veru-1)(t)
-
:é& %%m (2.89)
Therefore,
Vi=Veor =Veor = Ve =+ = VCo(n—2) - VCo(n—l) =V, - VCa(n—Z) (2.90)

Summing up all the equations in Equation 2.90, we have

Vo_ Vi

Vea =Vit P—

(2.91)

Substituting Equation 2.91 into Equation 2.85, the sneak circuit condition of
high-order step-up RSC converter can be obtained:

&qg<§ (2.92)

When n = 2, the result of Equation 2.92 is consistent with Equation 2.48, which is the
sneak circuit condition of the basic step-up RSC converter. Therefore, Equation 2.92
can be considered as a common sneak circuit condition of step-up RSC converters.

2.3.2.4 Experimental Verification of Three-Order Step-Up RSC Converter

To verify the above analysis, a prototype of a three-order step-up RSC converter
(n=3) was built, as shown in Figure 2.32, with parameters of L. = 320 nH, C, = 2 pF,
C, =330 pF,f, = 140 kHz, f, = 42 kHz, and V; = 2V. Based on Equation 2.92, when
the load resistance satisfies R; < 17.8 Q, the sneak circuit phenomena will appear.
The experimental waveforms of SC voltages and inductor current with R; =22 Q
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Figure 2.32 The structure of a three-order step-up RSC prototype
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Figure 2.33 Experimental waveforms of a three-order step-up RSC prototype under different
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are shown in Figure 2.33a, which proves that the prototype is working in the normal
operating mode.

By reducing the load resistance to R; = 8.9 Q, the sneak circuit phenomena of the
prototype can be observed in Figure 2.33b. Because the input power source has certain
internal resistance, and the voltage drop of diodes cannot be ignored, there are some
differences in stage III" between experimental waveforms and ideal waveforms.

2.4 Summary

This chapter presented the sneak circuit phenomena in families of RSC converters,
and derived the expression of output voltage and the sneak circuit conditions. When
the RSC converter is operating in normal mode, the relationship between the input and
output voltages are only decided by the converter topology. However, when the sneak
circuit appears, the output voltage will be dependent on the circuit parameters and
operating conditions, and then the RSC converter will exhibit unexpected behavior.
All sneak circuit conditions have been verified by the experimental results, which are
useful to restrain the sneak circuit phenomena of RSC converters.

References

[1] Singer, Z., Emanuel, A. and Erlicki, M. (1972) Power regulation by means of a switched capacitor.
Proceedings of Institution of Electrical Engineers, 119 (2), 149—153.

[2] Oota, 1., Inoue, T. and Ueno, F. (1983) A realization of low-power supplies using switched-capacitor
transformers and its analysis. Transactions of the Institute of Electronics and Communications Engi-
neers of Japan, J-66C, 576-583.

[3] Chung, H. (1999) Design and analysis of a switched-capacitor-based step-up DC/DC converter with
continuous input current. IEEE Transactions on Circuits and Systems-1: Fundamental Theory and
Applications, 46 (6), 722-730.

[4] Makowski, M.S. and Maksimovic, D. (1995) Performance limits of switched capacitor DC-DC
converters. Proceedings of IEEE Power Electronics Specialists Conference (PESC), vol. 2,
pp. 1215-1221.

[5] Cheng, K.W.E. (1998) New generation of switched capacitor converters. Proceedings of IEEE
Power Electronics Specialists Conference (PESC), pp. 1529-1535.

[6] Cheng, K. (2001) Zero-current-switching switched capacitor converters. IEE Proceedings of Elec-
tric Power Applications, 148 (5), 403-4009.

[7] Qiu, D. and Zhang, B. (2006) Discovery of sneak circuit phenomena in resonant switched capacitor
DC-DC converters. Proceedings of IEEE Conference on Industrial Electronics and Applications
(ICIEA), pp. 993-996.

[8] Qiu, D. and Zhang, B., (2006) Analysis of step-down resonant capacitor converter with sneak circuit
state. Proceedings of IEEE Power Electronics Specialists Conference (PESC), pp. 2940-2944.

[9] Tu, W., Qiu, D., Zhang, B. ez al. (2007) General laws of sneak circuit in resonant switched capacitor.
Proceedings of IEEE Power Electronics Specialists Conference (PESC), pp. 708—-712.

[10] Yeung, Y., Cheng, K., Sutanto, D. et al. (2002) Zero-current switching switched-capacitor quasires-
onant step-down converter. Proceedings of IEE Electric Power Applications, 149 (2), 111-121.

[11] Yeung, Y.P.B., Cheng, K.W.E., Ho, S.L. et al. (2004) Unified analysis of switched-capacitor reso-
nant converters. IEEE Transactions on Industrial Electronics, 51 (4), 864—873.



58 Sneak Circuits of Power Electronic Converters

[12] Li, J., Qiu, D. and Zhang, B. (2007) Sneak circuit analysis for n-stage resonant switched capac-
itor converters based on graph theory. Proceedings of Annual Conference of the IEEE Industrial
Electronics Society (IECON), pp. 1581-1585.

[13] Law, K., Cheng, K. and Yeung, Y. (2005) Design and analysis of switched-capacitor-based step-up
resonant converters. /[EEE Transactions on Circuits and Systems—II: Regular Papers, 52 (5),
943-948.

[14] Tu, W., Qiu, D., Zhang, B. et al. (2007) Sneak circuit analysis in n-stage resonant switched capacitor
converters. Proceedings of IEEE International Workshop of Anti-Counterfeiting Security, Identifi-
cation (ASID), pp. 61-65.



3

Sneak Circuits of DC-DC
Converters

3.1 Introduction

Basic DC-DC converters, such as Buck, Boost, and so on, are generally modeled
and analyzed in two distinct operating modes, continuous conduction mode (CCM)
and discontinuous conduction mode (DCM), based on the inductor current [1, 2].
In practice, a DC-DC converter is normally designed to operate in one mode to
meet certain control functions by selecting the converter parameters (for example,
the inductance) in advance. Sometimes the converter will not operate in the desired
mode, for example, CCM will switch to DCM, and vice versa. Since the change of
operation mode is caused by variation of circuit parameters, such as input voltage,
load, or duty ratio, if CCM is regarded as the normal operating mode, then DCM
can be considered as the sneak circuit mode of DC-DC converters, according to the
definition of the sneak circuit.

In this chapter, six non-isolated DC-DC converters will be analyzed in detail,
whereas Sections 3.2—-3.4 will study the sneak circuit phenomena and their appear-
ing conditions of the low-order DC-DC converters, which are Buck, Boost, and
Buck-boost converters; and Cuk, Sepic, and Zeta converters which belong to the
high-order DC-DC converters, will be discussed in Sections 3.6—3.8.

3.2 Buck Converter
3.2.1 CCM of Buck Converter

The schematic diagram of a Buck converter is sketched in Figure 3.1. When a Buck
converter operates in CCM, the inductor current flows continuously and is positive.
The typical waveforms of switch control signal v, inductor current i; , inductor voltage
v;, and the equivalent circuit of each operating stage are shown in Figure 3.2. During

Sneak Circuits of Power Electronic Converters, First Edition. Bo Zhang and Dongyuan Qiu.
© 2015 John Wiley & Sons Singapore Pte Ltd. Published 2015 by John Wiley & Sons Singapore Pte Ltd.
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Figure 3.1 Schematic diagram of a Buck converter
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Figure 3.2 Typical waveforms and equivalent circuits of a Buck converter in CCM

the interval when switch S is on, diode D becomes reverse biased, the input voltage
source V, provides energy to load as well as to inductor L, and the inductor voltage
satisfies v, = V, — V,;; During the interval when S is off, the inductor current i; flows
through D, transferring some energy stored in the inductor to the load, and v; = —V,,.

Since the integral of the inductor voltage over one switching period must be zero in
the steady state, that is

T dr T
‘/ww= (Vo= Vdi+ [ (=V,)dt=0 3.1)
0 0 dr

Then the average output voltage of the Buck converter is

V, = dv, (3.2)
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Figure 3.3 Typical waveforms and equivalent circuits of a Buck converter in DCM

where d = '7 is the duty ratio of switch, ¢,, is the switch-on duration, T = 1 is the
switching period, and fis the switching frequency. Therefore, the output voltage varies
linearly with the duty ratio of the switch for a given input voltage in CCM, and does
not depend on any other circuit parameters.

3.2.2 DCM of Buck Converter

If the inductor current i; decreases to zero before switch S is turned on, it will result in
a discontinuous inductor current; the corresponding waveforms and equivalent circuits
are illustrated in Figure 3.3. Comparing Figure 3.3 with Figure 3.2, a new stage, stage
I11, is added in the converter operation, in which both switch S and diode D are turned
off, and the energy to the load resistor is supplied by the output capacitor C alone.
Again, equating the integral of the inductor voltage over one switching period to

zero yields
dT t

(V,=Vdi+ | (=V,)dt=0 (3.3)
0 dT

where 7, is the time when i; decreases to zero. The solution of Equation 3.3 is

_ 4ty
t

X

v, (3.4)
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The average inductor current is equal to the average output current /,, since the
average capacitor current is zero in steady state. Then

Vo 1 dT . t, )
1, = == / ip (Hdt + / iy (H)dt
T 0 dT

|

1 a,/v,-V, LV, v,
== t)dt+ —dT — —t ) dt 3.5)
T 1/ L ar \ L L
Therefore:
dT + 4 /(dT)* + SLTT
t, = 3.6
: 5 (3.6)
Substituting Equation 3.6 into Equation 3.4 yields
v—— 2 .y (3.7

0 g
L
11+
d’R

It is obviously that the output voltage in DCM depends not only on the duty ratio d,
but also other operating condition, such as switching frequency f, load resistance R,
and inductance L.

3.2.3  Operating Conditions of Buck Converter

From Figure 3.3, t, = T is the boundary condition between CCM and DCM, which
means that the inductor current i; decreases to zero at the end of the switch-off period.
If ¢, is greater than the switching period 7, that is, #, > T, then the Buck converter will
operate in CCM, and the following equation is satisfied:

R
—(1-d)<1 3.8
2Lf( ) (3.3)
Moreover, the DCM condition of the Buck converter is
R
— (1 =-d)>1 3.9
2Lf( ) (3.9

Letk = 22 based on Equations 3.2 and 3.7, so the voltage ratio between input and
output voltages of the Buck converter can be concluded as

d (1—d) <k CCM
=1— 2 41_a4>k DM (3.10)
d+ \/d*+ 4k

NS
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Figure 3.4 Relationship curve of V,/V, and duty ratio d of a Buck converter

From Equation 3.10, the Buck converter will operate in CCM, no matter how the
duty ratio d changes when k > 1. Otherwise, when k < 1, there are three operating
modes, which are:

1. CCMforl —d<k<1;
2. DCM fork <1—-d < 1;and
3. boundary between DCM and CCM for k =1 —d.

As shown in Figure 3.4, the voltage ratio V,, /V, is plotted as a function of duty ratio
d for various values of k by using Equation 3.10.

Based on the above analysis, the operation mode of the Buck converter will switch
between DCM and CCM by varying the values of d, R, L, or f. The circuit path of
stage III coincides with the definition of the sneak circuit completely, because it is
a current path existing in the converter, and will participate in the circuit operation
only when a certain condition (Equation 3.9) is satisfied and causes the output volt-
age change. Consequently, for a Buck converter, which is set in CCM, DCM can be
considered as its sneak circuit mode.

3.3 Boost Converter
3.3.1 CCM of Boost Converter

The schematic diagram of a Boost converter is illustrated in Figure 3.5. When the
Boost converter operates in CCM, the corresponding waveforms and equivalent cir-
cuits of different operating stages are as illustrated in Figure 3.6. When switch S is
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\AS

Figure 3.5 Schematic diagram of a Boost converter

Y

-~

> |

dT (1-d)T

Figure 3.6 Typical waveforms and equivalent circuits of a Boost converter in CCM

turned on, input power source V, and output capacitor C supply energy to the inductor
L and the load resistor R respectively. However, when S is turned off, V, and L provide
energy to the load through diode D simultaneously.

According to the volt-second principle of the inductor, there is

dr T
/ Vedi+ | (V, = V,)dt =0 (3.11)
0 dr
Then the average output voltage of Boost converter in CCM is
Ve
V, = (3.12)
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Figure 3.7 Typical waveforms and equivalent circuits of a Boost converter in DCM

3.3.2 DCM of Boost Converter

If the inductor is too small to maintain i; when S is turned off, then the Boost converter
will operate in DCM with a discontinuous inductor current, as shown in Figure 3.7.
Compared with CCM (Figure 3.6), stage III in which both switch S and diode D are
turned off is added, and meanwhile capacitor C supplies energy to the load resistor R.

According to the volt-second balance of the inductor, the following equation can be
obtained

dT t,
/ V,di+ / (V= V,)dt =0 (3.13)
0 dT

where 7, is the time when the inductor current decreases to zero.

The solution for V, yields
t
V,=——V, 3.14
¢ ¢ —dT ? (314)

In an ideal situation, the energy supplied by the power source is equal to that con-
sumed by the load resistor in one switching cycle, that is

V2 dT Vg t, Vg Va — Vg
=T =V, / —t dz+/ —dT — (t—dT)| dt
R o \L a | L L

—v /dT Ve, dt+/tx Vear - YT anlal  Gus)
[ Jo L ar | L L(t,—dT) .




66 Sneak Circuits of Power Electronic Converters

The solution for #, yields

L 2LT L\?
mdr+ Ly 2 (L) 16
x tra TV R Rd (3.16)

Assuming that k = %, and substituting Equation 3.16 into Equation 3.14, gives the

output voltage when the Boost converter operates in DCM, which is

2
W=C+ 2d >% (3.17)
2d% + k + Vk? + 4kd>

3.3.3 Operating Conditions of Boost Converter

When the Boost converter operates in CCM, ¢, should be greater than the switching
cycle 7, t, > T, therefore the CCM condition of the Boost converter is

d(1 —d? <k (3.18)

Accordingly, the DCM condition of the Boost converter is

d(1 —dy? >k (3.19)
The voltage ratio of the Boost converter can be synthesized as
1 2
—_— d(1 —d)” <k CCM
v, 1-d ( )
= 202 ) (3.20)
i 1+ d(1 —d)* > k DCM

2d? + k + \Vk? + 4kd?

As the maximum value of d(1 — d)2 is 0.148 at d = 0.33, the Boost converter
will operate in CCM when k > 0.148. Otherwise, when k < 0.148, there are three
situations, which are:

1. DCM if k < d(1 — d)* < 0.148;
2. CCM if d(1 — d)* < k < 0.148; and
3. boundary between DCM and CCM, when k = d(1 — d)z.

Based on Equation 3.20), the relationship of V,/V, and d is sketched in Figure 3.8.
As shown in Figure 3.8, the operation mode of the Boost converter can switch between
DCM and CCM by varying the value of d, R, L, or f. Similar to the Buck converter,
the circuit path of stage III in Figure 3.7 belongs to the sneak circuit path of the Boost
converter.
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Figure 3.8 Relationship curve of V,/V, and duty ratio d of a Boost converter

3.4 Buck-Boost Converter
3.4.1 CCM of Buck-Boost Converter

The schematic diagram of the Buck-boost converter is sketched in Figure 3.9. When
the Buck-boost converter operates in CCM with a continuous inductor current, the
typical waveforms and equivalent circuits are as shown in Figure 3.10.

When switch § is turned on, inductor L stores energy from the input voltage source
V, and capacitor C supplies energy to the load resistor R respectively. When switch S
is turned off, the freewheeling inductor current i; flows through diode D, then inductor
L supplies energy for the load.

i

S
1Yl i

v, () o UL L c==. & [] A

Figure 3.9 Schematic diagram of a Buck-boost converter
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(1-d)T'
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Figure 3.10 Typical waveforms and equivalent circuits of a Buck-boost converter in CCM

According to the volt-second balance principle of the inductor, there is

dr T
/ Vga’t+/ (=V,)dt=0 (3.21)
0 dr
Then we can deduce 4
V = —V 3.22
° 1-d ¢ ( )

3.4.2 DCM of Buck-Boost Converter

If inductor current i; decreases to zero before switch § is turned on, the Buck-boost
converter will operate in DCM, and the operating waveforms and equivalent circuits
are as illustrated in Figure 3.11. Comparing Figure 3.10 with Figure 3.11, in stage III
when both S and D are off, only capacitor C supplies energy to the load resistor R.

According to the volt-second balance principle of the inductor, Figure 3.11 illus-
trates that

dr 1
/ V,dr+ / (=V,)dt =0 (3.23)
0 dT

where ¢, is the time when the inductor current decreases to zero.
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Figure 3.11 Typical waveforms and equivalent circuits of a Buck-boost converter in DCM

The solution of Equation 3.23 for V, yields

o ar
"t —dT ¢

(3.24)

According to the principle of energy conservation and the equivalent circuits of the
Buck-boost converter, the energy consumed by the load resistor in one switching cycle
is supplied by the inductor during the turned-off period, then we obtain

t, V2
v, / i, ()dt =—=T (3.25)
d R

T

= dT + /MTT (3.26)

Assuming that k = %, and substituting Equation 3.26 into Equation 3.24 yields the
output voltage when the Buck-boost converter operates in the DCM, that is

v,= Ly (3.27)

ﬁ g

The solution of ¢, yields
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3.4.3 Operating Conditions of Buck-Boost Converter

The Buck-boost converter will operate in CCM, when ¢, > T, or

(1-d? <k (3.28)
Accordingly,

(A—d?>k (3.29)

is the DCM condition of the Buck-boost converter.
The voltage ratio of the Buck-boost converter can be summarized as
_d_ (1 -d)*> <k CCM
V, J1-d
Ve 1L (1-a?>k DCM

Vk

It is obvious that the operation mode of the Buck-boost converter can switch
between DCM and CCM by varying the value of d, R, L, and f.

When k£ > 1, no matter how the duty ratio d changes, the Buck-boost converter will
operate in the CCM and the relationship of input and output voltage is only decided
by duty ratio d. Otherwise, when k < 1, there are three situations, which are:

(3.30)

1. DCMifk < (1 —d)*> < 1;
2. CCMif (1 —d)*> < k < 1; and
3. boundary between CCM and DCM if k = (1 — d)*.

The relationship of V,,/V, and d based on Equation 3.30 is sketched in Figure 3.12,
which proves that the operation mode of the Buck-boost converter can switch between

F=00LaT

Figure 3.12  Relationship curve of V,/V, and duty ratio d of a Buck-boost converter
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Table 3.1 Sneak circuit condition and voltage ratio of Buck, Boost, and Buck-boost
converters

Converter Sneak circuit Input and output voltage ratio V,/V,
type condition
Normal operating Sneak circuit
mode (CCM) mode (DCM)
Buck 1-d)>k d _d
d+Vd* + 4k )
Boost dl —dy? >k L 1+ 2d
1-d 2d2 + k + V2 + dkd?
Buck-boost (1-d?>k % %
- k
= 2
Note: k = =

DCM and CCM by varying the value of d and & (i.e., R, L, or f). Similarly, the circuit
path in mode III belongs to a sneak circuit path for a Buck-boost converter operating
in CCM.

3.5 Sneak Circuit Conditions of Buck, Boost, and Buck-Boost
Converters

Synthesizing the above analysis, the sneak circuit conditions and the voltage ratios of
Buck, Boost, and Buck-boost converters are summarized in Table 3.1. According to
the table, Buck, Boost, or Buck-boost converters can operate in the desired operating
mode by choosing appropriate circuit parameters.

3.6 Cik Converter
3.6.1 Normal Operating Mode of Ciik Converter

A schematic diagram of the Cik converter is sketched in Figure 3.13. When a Cuk

converter operates in its normal operating mode, which means that both inductor

. L: CII L.’ r
Iy 751
Y YY) || Y Y Y g

+ V- ; - Vi

v, C) 5_|E p ¥ Co— & [] v,
.

Figure 3.13 Schematic diagram of a Cik converter
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Figure 3.14 Typical waveforms and equivalent circuits of a Ctik converter in normal oper-
ating mode

currents are continuous and positive, the corresponding typical waveforms and
equivalent circuits are as shown in Figure 3.14.

Referring to Figure 3.14, the operating process of a Cuk converter can be divided
into two stages.

Stage I (0, dT)

In this stage, switch § is turned on, the inductor current i;; flows through the path
L;-S-V,, yet the inductor current i;, flows through another path L,-C;-S-R(C). At
this stage, inductor L; stores energy provided by voltage source V, and capacitor C,
discharges to inductor L, and load simultaneously.

Assuming that the capacitors in the Cuk converter have large capacitance and can be
regarded as constant voltage sources, when S is turned on at t = 0, i;; = I;; > 0 and
i;» = Iy, > 0 are established in the normal operating mode, then the inductor currents
in stage I can be expressed by

. _ Vg
lLl(t) = L—[ + 101 (331)
1

. VCI - Vo
ina(t) = ——21+ Iy (3.32)
2
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Stage Il (dT, T)

At this stage, switch S is turned off and freewheeling diode D is on, i;; flows through
the loop L,-C;-D-V,, and i;, flows through the loop L,-D-R(C). Voltage source V,
and inductor L, charge C,, inductor L, supplies energy to load.

Suppose that S is turned off at t = dT, based on Equations 3.31 and 3.32, the mag-
nitudes of inductor currents at this moment are i;(dT) = ‘L/—TdT + 1y, and i;,(dT) =

%dT + Iy, respectively. Then the inductor currents at stage II can be expressed

2
as

v vV, -V,
i1 (1) = Ioy + S=-dT + gL—Clt (3.33)
1 1
io(0) = Iy + Yerjp - %, (3.34)
LZ L2

According to the voltage-second balance principle of the inductor, we have the
voltage-second balance equations for L; and L,, that is

dar T
0 dr

dT T
/ Ve — Vdt + / (=V,)dt =0 (3.36)
0 dT

Based on Equations 3.35 and 3.36, we obtain

Ve = ——v
| =d ¢ (3.37)

v =—9 vy

o= 1-4a'¢

Since capacitor and inductor are only energy storing components and do not con-
sume energy in an ideal situation, the energy supplied by the power source is equal to
that consumed by the load resistor R in one switching cycle, that is

2

! 4
0

In addition, because inductor L, is connected to load in series, the average value of
load current is equal to that of i;,, that is

v, 1"
Yol /O a0t (3.39)
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Combining with the expressions of inductor current and output voltage, and solving
Equations 3.38 and 3.39, we obtain

Iy = FVy TV, (3.40)
(1—d2R 2L,
av,  drv, )

Iy = -
27 (1-dR 2L,

It is known that /j; > 0 and [, > O when the Cik converter works in normal oper-
ating mode, therefore the normal operating condition for Cik converter is

{d>1+0{—\/20{+0¢2

42
d>1-2p (542)

Lif

=t = Lt
where a = n and § = =

3.6.2  Sneak Circuit Phenomena of Ciik Converter

If all of the other operating modes of the Ciik converter, except the normal operating
mode shown in Figure 3.14, are regarded as sneak circuit phenomena, there are five
kinds of sneak circuit situations in the Ctik converter, according to the inductor current
being zero or negative in some of the stages:

1. i;, is always positive and i;; appears negative, and the corresponding waveforms
are sketched in Figure 3.15;

2. iy, is always positive and i;, appears negative, and the corresponding waveforms
are sketched in Figure 3.16;

3. i;, is always positive, i;; appears negative and satisfies i;; + i;, = 0 for some of
the time, and the corresponding waveforms are sketched in Figure 3.17;

4. i;, is always positive, i;, appears negative and satisfies i;; + i;, = 0 for some of
the time, and the corresponding waveforms are sketched in Figure 3.18; and

5. i;; and i;, decrease to zero at the same time, which can be considered as a common
DCM, and the corresponding waveforms are sketched in Figure 3.19.

The above five sneak circuit phenomena of a Cuik converter will be analyzed one
by one as follows.

3.6.2.1 Sneak Circuit Phenomenon I of Cuk Converter

During the stage when S is turned off and D is turned on, both inductor currents of
the Cuk converter decrease. If i;; drops to zero earlier than i;,, and keeps flowing in
the negative direction while i;, is still positive, this situation is called sneak circuit
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Figure 3.15 Typical waveforms and part of equivalent circuits in a Cuk sneak circuit phe-
nomena I

phenomenon I of the Cik converter and the resulting waveforms of inductor currents
are shown in Figure 3.15. Comparing Figure 3.14 with Figure 3.15, stage I’ and 1l
are added in the operating processes of the Cuk converter. As the equivalent circuits
of stages I and II are the same as those in the normal operating mode, only the added
two stages will be analyzed.

Stage I

Though i;; < 0 and i;, > 0 when S is turned on and D is reverse blocking, the equiv-
alent circuit is the same as that of normal stage I and the expressions of two inductor
currents are also the same as those of normal stage I, which are Equations 3.31 and
3.32. When i; | increases to greater than zero, the Cuk converter will operate in stage I.

Stage II'

During this stage, S is turned off and D conducts, though i;; < 0 and i;, > 0, and
the equivalent circuit of this stage is still the same as that of stage II. Therefore, the
expressions of the two inductor currents are Equations 3.33 and 3.34 of stage II in
normal operation.
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Figure 3.16 Typical waveforms and part of equivalent circuits in a Ctik sneak circuit phe-
nomenon II

According to the inductor’s volt-second balance principle and the inductor current
expressions, (Equations 3.31-3.34), the output voltage of sneak circuit phenomena I
is equal to that of normal operation, thatis V, = %V .

When the Cik converter operates in sneak circuit phenomenon I, it is known that
Iy; <0, Iy, > 0 and |[y;| < |Iy,]|. Therefore, based on the expressions of I, and [y,

that is, Equations 3.40 and 3.41, the resulting condition of sneak circuit phenomenon

I yields
d<l+a—+2a+a?
d>1-2p (3.43)
d>1-21

where A = M.
V R@,+Ly)

3.6.2.2 Sneak Circuit Phenomenon II of Cik Converter

During the stage when S is turned off and D is on, if i;, drops to zero earlier than
i;; and then becomes negative while i;, is still larger than zero, then another sneak
circuit phenomenon II appears. The typical waveforms of inductor currents in sneak
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Figure 3.17 Typical waveforms and equivalent circuit of stage III in a Cik sneak circuit
phenomenon IIT

circuit phenomenon II are sketched in Figure 3.16; obviously, the equivalent circuits
of stages I and II are the same as those of normal operating mode in Figure 3.14,
while the equivalent circuits of stages I’ and I are the same as those of sneak circuit
phenomenon I in Figure 3.15.

Similar to the analysis process of sneak circuit phenomenon I, the output voltage of
sneak circuit phenomenon Il is V,, = éVg. According to Iy; > 0, I, <0 and |Iy| >
|1, |, the resulting condition of sneak circuit phenomenon II can be obtained by

d>1+a—42a+a?
d<1-2p (3.44)
d>1-1

3.6.2.3 Sneak Circuit Phenomenon III of Cuk Converter

It is known that both i;; and i;, decrease when S is off and D is on, assuming that i
drops to zero earlier than i;, and becomes negative while i, is still greater than zero;
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Figure 3.18 Typical waveforms and equivalent circuit of stage III in a Cik sneak circuit
phenomenon IV

ifi;; +i;, = O1is satisfied at the moment ¢ = ¢, D will be shut down. Since both S and
D are in an off-state, the inductor current remains at i;, = —i;; > 0, which means that
C, and load feed back energy to the power source. This situation is called sneak circuit
phenomenon III, and the typical waveforms are sketched in Figure 3.17. Compared
with sneak circuit phenomenon I, a new stage III is added, which represents both S
and D being off at the same time.

Since i;; = —i;,, the inductor voltages of stage III when ¢ € (¢, T) are
Ly
Vi1 (t) = Ll n L2 (—VC] + Vg + Vo) (345)
L
V() = ———Ve =V, = V,) (3.46)

Li+L,
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Figure 3.19 Typical waveforms and equivalent circuit of stage III’ in a Cdk sneak circuit

phenomenon V

According to the inductor voltage-second balance principle, the inductor voltages

of L, and L, satisfy the following equations respectively:

a & TL(=Ve + Ve + V)
/ V,dt + / (V, = Ve dt + / dt =0
0 dr t,

L +L,
ar A T L,(Vey =V, —V,)
(Vey = V)dt+ [ (=Vy)de + / 2 =0
0 dr ' Li+L,

Solving these equations yields

Ve = L V
AT —dr ¢t
_dr
 t,—dT ¢

(3.47)

(3.48)

(3.49)

Substituting Equation 3.49 into Equations 3.45 and 3.46, v;; = v;, =0 can be
deduced. Therefore, i;, and i;, will keep constant in stage III, and I, = -1y, = I, is

established.
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According to the capacitor ampere-second balance principle, the current flowing
through capacitance C; meets the following:

dT t, T
—/'QAmﬁ+/ mmm+/~%m:0 (3.50)
0 dar t

X

For the energy supplied by L, to be equal to that consumed by the load resistor R
in one switching cycle, there is

T VZ
v, / i,(dt = —=T (3.51)
0

R

Substituting Equations 3.31-3.34 into Equations 3.50 and 3.51, we have

t,=dT + AT
; VAT  V,d*T (3.52)
T

Since [, < 0 and t, < T are satisfied in sneak circuit phenomenon III, the resulting
condition of sneak circuit phenomenon III is

L,
d<i—
L, (3.53)
d<1-24
and the output voltage is
d
V, = ng (3.54)

3.6.2.4 Sneak Circuit Phenomenon IV of Cik Converter

If inductor current i;, becomes negative while i; is still larger than zero, and i;;, +
ir, = Ois satisfied, the situation is called sneak circuit phenomenon IV, and the typical
waveforms are sketched in Figure 3.18.

Similar to the analysis of sneak circuit phenomenon III, the output voltage of the
Cuk converter operating in sneak circuit phenomenon IV is V, = %Vg. According to
Iy > 0 and ¢, < T, the resulting condition of sneak circuit phenomenon IV is

d> /ILZ
I, (3.55)

d<1-2
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3.6.2.5 Sneak Circuit Phenomenon V of Ciuk Converter

If i;, and i;, decrease to zero at the same time, then D will be shut down. Since
i;; =i, = 0 at this time, a new stage III' appears in which the capacitor C provides
energy for load resistor R. This situation is called sneak circuit phenomenon V, which
looks like the traditional DCM of inductor currents, and the typical waveforms are
sketched in Figure 3.19.

Since the average value of inductor current i;, is equal to that of the load current,
the following equation can be deduced:

v, fx
ol / a0t (3.56)
0
If I, = 0, the expression of i;, is
Ver =V,
%t 0<t<dl
2
j =1V, 1%
(1) %dT -0 dT <1<y, (3.57)
2 2
0 t,.<t<T

As sneak circuit phenomenon V is the special situation of phenomenon III or IV

with I, = 0, the output voltage of sneak circuit phenomenon V is V,, = % V,, then

substituting Equation 3.57 into Equation 3.56, we obtain

dT dr\> 2L,T
b= <7> TR

and the resulting condition of sneak circuit phenomenon V is

L
d=22 2,0
L, o (3.59)

d<1-121

(3.58)

Therefore, the output voltage can be simplified as

L, d
V ==V, ==V 3.60
== 3% (3.60)

3.6.3  Experimental Verification of Ciik Converter

A Cuk prototype based on Figure 3.13 was built to verify the sneak circuit phenomena.
The parameters of the prototype were V, = 12V, f =100 kHz, L, =440 pH, L, =

120 pH, C; =330 uF, C = 180 pF, and R =50 Q. Then a = &L = 088, p = = =
0.24,and A = 4/ Rff‘—i = 0.614 could be obtained. According to the above analysis,
1 2
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the range of duty ratio d in different operating modes of the Cuk converter can be
obtained:

d
— Vg
1-d ¢ J
2. 0.386 < d < 0.52, sneak circuit phenomenon II, V, = ﬁVg;
3. 0.167 < d < 0.386, sneak circuit phenomenon IV, V, = %Vg;
L
4. d = 0.167, sneak circuit phenomenon V (DCM), V, = L—2Vg;
1
5. d < 0.167, sneak circuit phenomenon III, V, = %Vg.
It is noted that sneak circuit phenomenon I will not appear, because the correspond-
ing condition cannot be satisfied. To set different duty ratio d to make the Cuk con-

verter work in different operating modes, when d = 0.54, the prototype should work

1. d > 0.52, normal operating mode (CCM), V,, =

in normal operating mode and the output voltage should be V, = ﬁ Ve, =14.1 V.The
experimental waveforms of driving signal vy, output voltage V,,, inductor currents i,
and i;, are shown in Figure 3.20a. Both i;; and i;, are positive as desired, and the

output voltage V, = 14 V. When d = 0.23, the prototype should operate in sneak cir-

cuit phenomenon IV, and the output voltage should be V, = %Vg =45V, and the

experimental waveforms under d = 0.23 are shown in Figure 3.20b, in which i;; is
always positive and i;, appears negative and satisfies i;; + i;, = 0. When d = 0.167,
the prototype should operate in sneak circuit phenomenon V (DCM) and output volt-
age should be V, = 3.2 V. The experimental waveform in Figure 3.20c shows that i},
and i;, decrease to zero at the same time. When d = 0.075, the prototype should oper-
ate in sneak circuit phenomenon III, and the output voltage should be V, = 1.46 V.
The experimental waveforms in Figure 3.20d show that i;, is always positive, i;;
appears negative and satisfies i;; + i;, = 0. From the above analysis, the experimen-
tal results coincide with theoretical analysis, therefore the sneak circuit phenomena
of the Cuk converter and corresponding conditions have been verified.

If keeping the duty ratio d = 0.54 constant and varying the load resistance R, the
Ciuk prototype will also work in different operational modes. When R = 50 Q, as
shown in Figure 3.20a, then d = 0.54 belongs to the range of the normal operat-
ing mode; when R =75 Q, accordingly a = W = 0587, f==2=0.16, and A =

ziﬁﬁ = 0.501, then d = 0.54 is in the range of sneak circuit phenomenon 11(0.499 <

d < 0.68), and the experimental waveforms in Figure 3.21a illustrate that i; | is always

positive and part of i;, becomes negative; When R = 492 Q, accordingly a = %‘f =

0.089, p = LZf =0.024,and A = zi’; = 0.194, then d = 0.54 is in the range of sneak

circuit phenomenon IV (0.052 < d < 0.806), and the experimental waveforms are
shown in Figure 3.21b, in which i, is always positive, i;, appears negative, and i;; +
ir, = 0 are satisfied some of the time. The above experimental results demonstrate
that the Cuk converter will operate in abnormal operating mode by varying some
parameters, that is, the sneak circuit phenomenon will appear.
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Figure 3.20 Experimental waveforms of a Cik converter under different duty ratio: (a)
d=0.54, normal operating mode; (b) d=0.23, sneak circuit phenomenon IV; (c) d=0.167,
sneak circuit phenomenon V (DCM); and (d) d =0.075, sneak circuit phenomenon I1I
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Figure 3.21 Experimental waveforms of a Ctik converter under different load: (a) R = 75 Q,
sneak circuit phenomenon II and (b) R = 492 Q, sneak circuit phenomenon IV
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3.7 Sepic Converter

The schematic diagram of a Sepic converter is sketched in Figure 3.22. Similar to
analysis of the Cuk converter, the Sepic converter has six modes of operation:

1. Normal operating mode: both inductor currents i;; and i;, are constantly positive,
as shown in Figure 3.23;

2. Sneak circuit phenomenon I: i, is constantly positive, but i;; appears negative, as
shown in Figure 3.24;

3. Sneak circuit phenomenon II: i; ; is constantly positive, but i;, appears negative, as
shown in Figure 3.25;

4. Sneak circuit phenomenon III: i}, is always positive, i;; appears negative, and sat-
isfies i;; + i;, = 0 for some of the time, as shown in Figure 3.26;

5. Sneak circuit phenomenon 1V: iy is constantly positive, i;, appears negative, and
satisfies i;; + i;, = 0 for some of the time, as shown in Figure 3.27;

6. Sneak circuit phenomenon V: iy, and i;, decrease to zero at the same time, that is,
DCM, as shown in Figure 3.28.

The characteristic and resulting condition of the Sepic converter in each operating
mode are analyzed as follows.

3.7.1 Normal Operating Mode of Sepic Converter

As shown in Figure 3.23, the operating process of a Sepic converter in normal oper-
ating mode can be divided into two stages.

Stage I (0, dT)

In stage I, switch S'is turned on, the inductor current iy, flows through the loop V,-L,-S,
while the input voltage source supplies energy for inductor L,. The inductor current
i;, flows through the loop C,-S-L,, and it is capacitor C; which supplies energy for
inductor L,. However, diode D is turned off bearing reverse voltage and output capac-
itor C discharges to load resistor R.

g L Ci D
LYY [l N
11 Ll

T¥EL=

Ve () 5_|E ":as 15:: Ly == R [] v,
|

Figure 3.22 Schematic diagram of a Sepic converter
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Figure 3.23 Typical waveforms and equivalent circuits of a Sepic converter in normal oper-
ating mode
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Figure 3.25 Typical waveforms and part of equivalent circuits in Sepic sneak circuit phe-
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Figure 3.26 Typical waveforms and part of equivalent circuits in Sepic sneak circuit phe-
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Figure 3.27 Typical waveforms and part of equivalent circuits in Sepic sneak circuit phe-
nomenon IV

Figure 3.28 Typical waveforms and equivalent circuits in Sepic sneak circuit phenomenon V



88 Sneak Circuits of Power Electronic Converters

Assuming that the capacitances are large enough and the capacitors can be regarded
as constant voltage sources, the initial values of i;; and i;, at t = 0 are Iy, and [,
respectively. At this stage, the inductor currents can be expressed as

. _ Vg
lLl(t) = L—t + 101 (361)
1

14
i) = L—Clr + Iy, (3.62)
2

Stage I1 (dT, T)

In stage II, switch S is turned off and diode D is turned on, then i;; flows through the
loop V,-L,-C;-D-R(C) and i;, flows through the loop L,-D-R(C). In this stage, the
input voltage source and inductor L, charge capacitor C,; at the same time, while the
input voltage source, inductors L, and L,, supply energy for the load, and the inductor
currents can be expressed as

V.

= Ver =V,

4 o
i (1) = L—ng +1 + (t — dT) (3.63)
1

1

1% 1%
i]2(1) = de + 1y — L—"(r —dT) (3.64)
2 2

According to the inductor voltage-second balance principle, the inductor voltages
satisfy the following:

dr T
/ Vedi + (Vo =Ver = V,)dt =0 (3.65)
0 dr
dr T
/ Vedt + / (=V,)dt=0 (3.66)
0 dr
Solving the above equations, we obtain
VC] = Vg
d (3.67)
Vo == ng

As capacitor and inductor do not consume energy and only store energy in the ideal
case, the energy supplied by the input voltage source is equal to that consumed by the
load resistor in one switching cycle, that is

T V2
V, / i (0dt = —=T (3.68)
0

In addition, since inductors L, and L, supply energy for the load only in stage II,
the average value of load current is
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Vo 1 [T :
-7 . [ip () + i, (0)]dt (3.69)
Combining the expressions of inductor current and output voltage, based on

Equations 3.65 and 3.66, we obtain

; d?v,  dTV, 370
T (-aPR 2L 3.70)
dv,  dTv

Iy = =
1-dRrR 2L,
When a Sepic converter operates in normal mode, there must be /,; > 0 and /, > 0.
Therefore the normal operating condition for a Sepic converter is

{d>1+oc—\/20c+oc2

£ (3.71)

372
d>1-2p ( )

where a = 2/ and f = Lf
R R

3.7.2  Sneak Circuit Phenomena of Sepic Converter

Because the sneak circuit operating modes of a Sepic converter are similar to those
of a Ciik converter, this section will not describe each sneak circuit phenomenon of
the Sepic converter in detail. Only the typical operating waveform, equivalent circuit,
and the resulting condition will be provided.

3.7.2.1 Sneak Circuit Phenomenon I of Sepic Converter

According to Figure 3.24, when a Sepic converter works in sneak circuit phenomenon
L, i, ; appears negative and then two new stages I’ and I" are added. However, the actual
operating process of stage I’ is the same as that of normal operating stage I, except
the current direction of i; |, and stage II' is similar to stage II. Therefore, the value of
output voltage is still V, = T:z

As we know, Iy; <0, [, > 0 in sneak circuit phenomenon I of a Sepic converter.
Moreover, when i;; < 0, S or D should be kept on, then |l | < |Iy,|. Based on the
expressions of 1y, and [, that is, Equations 3.70 and 3.71, the resulting condition of
sneak circuit phenomenon I is

d<l+a—1\2a+a?
d>1-2p (3.73)
d>1-2

— [ 2LLf
where A = AL
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3.7.2.2 Sneak Circuit Phenomenon II of Sepic Converter

The typical waveforms of a Sepic converter in sneak circuit phenomenon II are shown
in Figure 3.25. Similar to analysis of sneak circuit phenomenon I, the output voltage
of sneak circuit phenomenon II equates to V, = <y, and the resulting condition is

1-d &
d>1+a—\2a+a?
d<1-2p (3.74)

d>1-1

3.7.2.3 Sneak Circuit Phenomenon III of Sepic Converter

As shown in Figure 3.26, when a Sepic converter works in sneak circuit phenomenon
III, a new stage III is added by comparing with the sneak circuit phenomenon 1.

In stage III, since i;; +i;, =0, both S and D are turned off. According to the
equivalent circuit of stage III, i;; and i;, keep constant and Iy, = —1y, = [, < 0.
Assume that the Sepic converter enters stage III when 7 =1t,. According to the
inductor voltage-second balance principle, the expressions of output voltage and
capacitor voltage in sneak circuit phenomenon III are

y drv,
° t,—dT (3.75)
VCI = Vg

Combining the inductor current expressions in each operating stage with the energy
conservation principle, the following equations can be obtained:

t,=dT + AT
VAT — V,d*T (3.76)
IO - - +
2L, 2L,

From Figure 3.26, there must be I, < 0 and 7, < T when a Sepic converter works
in sneak circuit phenomenon III. Therefore, the resulting condition of sneak circuit
phenomenon III is

d< i
I, (3.77)

d<1-24
and the corresponding output voltage is

d
Vo = EVg

(3.78)
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3.7.2.4 Sneak Circuit Phenomenon IV of Sepic Converter

Comparing Figure 3.27 with Figure 3.26, the sneak circuit phenomenon IV of a Sepic
converter is similar to the sneak circuit phenomenon III. Therefore, the output voltage
in sneak circuit phenomenon 1V is still V,, = %Vg. Since [y; = =1y, =1, > 0 in this
case, the resulting condition of sneak circuit phenomenon IV is

L,
d>A—
L, (3.79)

d<1-1

3.7.2.5 Sneak Circuit Phenomenon V of Sepic Converter

As shown in Figure 3.28, the sneak circuit phenomenon V of a Sepic converter can be
regarded as the special situation of sneak circuit phenomena III and IV when 7, = 0.
Therefore, the resulting condition of sneak circuit phenomenon V is

L,
d=1—
L, (3.80)
d<1-21
and the output voltage of sneak circuit phenomenon V equates to V,, = %Vg = %Vg
1

based on Equation 3.80.

3.7.3  Experimental Verification of Sepic Converter

Referring to Figure 3.22, a Sepic prototype was built to verify different operating mode
of the Sepic converter, and the parameters and operation conditions of the prototype
were the same as those of the Cuk converter described in Section 3.6.3. By setting the
duty ratio d to 0.08, 0.167, 0.23, and 0.4 respectively, the experimental waveforms of
driving signal v, switch voltage v, output voltage V,, inductor currents i;; and i;,
are sketched in Figure 3.29.

Based on the analysis in Section 3.7.2, the prototype will operate in sneak circuit
phenomenon III when d=0.08, V when d=0.167, IV when d=0.23, and II when
d=0.4. It is obvious that the experimental results coincide with theoretical analysis
very well, therefore the sneak circuit phenomena and the corresponding conditions of
the Sepic converter have been verified.

3.8 Zeta Converter

The schematic diagram of a Zeta converter is sketched in Figure 3.30. Similar to the
analysis of Cuk and Sepic converters, the Zeta converter has six operating modes,
which are
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Figure 3.29 Experimental results of a Sepic prototype: (a) d=0.08, sneak circuit phe-
nomenon III; (b) d=0.167, sneak circuit phenomenon V (DCM); (c) d=0.23, sneak circuit
phenomenon IV; and (d) d = 0.4, sneak circuit phenomenon II

Figure 3.30 Schematic diagram of a Zeta converter

1. Normal operating mode: in which both inductor currents i;; and i;, are constantly
positive (Figure 3.31);

2. Sneak circuit phenomenon I: in which i;, is constantly positive, but i;; appears
negative (Figure 3.32);

3. Sneak circuit phenomenon II: in which i;, is constantly positive, but i;, appears
negative (Figure 3.33);
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Figure 3.31 Typical waveforms and equivalent circuits of a Zeta converter in normal oper-
ating mode
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Figure 3.32 Typical waveforms and part of the equivalent circuits in Zeta sneak circuit phe-
nomenon I
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Figure 3.33 Typical waveforms and part of equivalent circuits in Zeta sneak circuit
phenomenon II

4. Sneak circuit phenomenon IlI: in which i;, is always positive, i; | appears negative,
and satisfies i;| + i;, = 0 for some of the time (Figure 3.34);

5. Sneak circuit phenomenon IV: in which iy, is constantly positive, i;, appears neg-
ative, and satisfies i;; + i;, = 0 for some of the time (Figure 3.35);

6. Sneak circuit phenomenon V: in which i;; and i;, decrease to zero at the same time,
that is, DCM (Figure 3.36).

3.8.1 Normal Operating Mode of Zeta Converter

Referring to Figure 3.30, when switch S is turned on and diode D is turned off because
of the reverse voltage, the input voltage source supplies energy for inductor L,, and
supplies energy for inductor L, and load with capacitor C,. However, when switch
S is turned off, the inductor currents flows through freewheeling diode D, inductor
L, charges capacitor C,, while inductor L, supplies energy for the load. Based on
the above operating principles of a Zeta converter, the normal operating process of a
Zeta converter can be divided into two stages, and its typical waveforms are shown in
Figure 3.31.

Stage I (0, dT)

As switch S is turned on in stage I, the current loop of i, is V,-L;-S, while
Vy-S-C-L,-R(C) is the current loop of i;,. Assuming that Iy, is the initial value
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Figure 3.34 Typical waveforms and equivalent circuit of stage III in Zeta sneak circuit phe-
nomenon III
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Figure 3.35 Typical waveforms and equivalent circuit of stage III in Zeta sneak circuit phe-
nomenon IV
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Figure 3.36 Typical waveforms and equivalent circuits in Zeta sneak circuit phenomenon V

of i;; and Iy, is the initial value of i;,, and the capacitors in the Zeta converter
are considered as constant voltage sources, the inductor current in stage I can be
expressed as

Vg
L,
V,+ Ve = V.
i) = %z + 1, (3.82)
2

Stage I1 (dT, T)

In stage II, switch S is turned off and diode D is turned on, i;; flows through the loop
L-D-Cy, and i;, flows through the loop L,-R(C)-D. Then the inductor currents can
be expressed as

Vg VC]
i, ()= =2dT + Iy, — =<L(t — dT) (3.83)
L, L,

. Vg VO
2 2
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According to inductor voltage-second balance principle, the voltage-second balance
equation of L; and L, can be expressed as the following equations respectively:

dr T
/ Vet + [ (=Vedt =0 (3.85)
0 dTr
dr T
(Vo + Ve = V)di+ | (=V,)dt =0 (3.86)
0 dT

Based on Equations 3.85 and 3.86, we obtain

d

—V
1-d

g (3.87)

Vo = VC] =
Due to the energy supplied by voltage source being equal to that consumed by the

load resistor R in one switching cycle ideally, that is

dr \% 2
Vg/ [ip (1) + iy, ()]dt = I: T (3.88)
0

In addition, because the inductor L, is connected to the load in series, the average
load current is equal to that of i;,, that is

1/ v,
- /0 iLz(z)dr=F" (3.89)

Based on Equations 3.81-3.84 and 3.87, the solution of Equations 3.88 and 3.89
yields

; d&*v,  dTV, 300

"T(-aPR 2L, (3:90)
dv, drv,

= d £ (3.91)

I, = _
27 1-dR 2L,

When the Zeta converter operates in normal mode, there must be 7,; > 0 and /,, >
0. Thus the normal operating condition for a Zeta converter is

d>14+a—-V2a+a? (3.92)
d>1-2p '
Lof

where a = 2/ and f = =.
R R
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3.8.2 Sneak Circuit Phenomena of Zeta Converter
3.8.2.1 Sneak Circuit Phenomenon I of Zeta Converter

When the inductor current i; ; appears negative, two new stages I’ and I’ are added
in the operating process. However, the equivalent circuits of stages I’ and II’, which
are shown in Figure 3.32, are the same as those of stages I and II in Figure 3.31
respectively. Therefore, the output voltage of sneak circuit phenomenon I will be equal
to that of the normal operating mode, thatis V, = % V.

In order to ensure S or D being turned on when i;; < 0, it is obviously that /,; < 0,
Iy > 0 and |Iy;| < |Ip,|, from Figure 3.32. Therefore, according to Equations 3.90
and 3.91, the resulting condition of sneak circuit phenomenon I is

d<1l+a—\2a+a?
d>1-2p (3.93)
d>1-1

— [Pl f
where A = Rl

3.8.2.2 Sneak Circuit Phenomenon II of Zeta Converter

The operating waveforms of a Zeta converter in sneak circuit phenomenon Il and part
of equivalent circuits are shown in Figure 3.33. Similar to the analysis of sneak cir-
cuit phenomenon I, the output voltage of sneak circuit phenomenon Il is V,, = ﬁvg
as well, and the resulting condition that satisfies I; < 0, I, > 0, and |Iy;| > |1, | is

d>1+a—12a+a?
d<1-28 (3.94)
d>1-41

3.8.2.3 Sneak Circuit Phenomenon III of Zeta Converter

Compared with sneak circuit phenomenon I, when i;; becomes negative and is equal
to —iy, (i.e., iy, +i;, = 0), anew stage Il is added, as shown in Figure 3.34. Assuming
that the Zeta converter enters stage III when 7 = z,, both S and D are turned off, and
the inductor currents will keep constant, then we have I, = —1y, = I,.

According to the inductor voltage-second balance principle, the output voltage of
the Zeta converter in sneak circuit phenomenon III is

dTV
Vo=Ver=—— dgT (3.95)

Combining the inductor current expressions in each operating stage with the
ampere-second balance principle of capacitor C;, the following equations can be
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obtained:
t,=dT + AT
; VdAT  V,d*T (3.96)
= - +
0 2L, 2L,

Substituting Equation 3.93 into Equation 3.92 yields the output voltage of sneak
circuit phenomenon III, which is

d
V, = ;Vg (3.97)
From Figure 3.26, it is known that I, < 0 and #, < 7. Therefore, the condition of
sneak circuit phenomenon III is

L,
d< A—=
L, (3.98)

d<1-24

3.8.2.4 Sneak Circuit Phenomenon IV of Zeta Converter

Comparing sneak circuit phenomenon IV (Figure 3.35) with phenomenon III
(Figure 3.34), the only difference between them is the inductor current direction.
Thus, the output voltage of sneak circuit phenomenon IV is equal to V, = %Vg. When
sneak circuit phenomenon IV appears, there is [, > 0 and ¢, < T, then the condition
of sneak circuit mode IV is
L,
d>A—=
L (3.99)
d<1-1

3.8.2.5 Sneak Circuit Phenomenon V of Zeta Converter

As shown in Figure 3.36, when the Zeta converter operates in the sneak circuit phe-

nomenon V, i;; and i;, will decrease to zero at the same time, which can be regarded

as the special situation of sneak circuit phenomena III and IV when /, = 0.
Therefore, the resulting condition of sneak circuit phenomenon V is

L (3.100)

Based on Equations 3.97 and 3.100, the output voltage is defined by V,, = %Vg =

L
2V,.
L 8
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3.8.3  Experimental Verification of Zeta Converter

A Zeta prototype is built to verify different operating mode of the Zeta converter based
on Figure 3.30. The prototype parameters are V, = 12V, f = 100 kHz, L, = 120 pH,

L, = 440 pH, C1—33OuF C = 180 pF, and R = 50 Q, then a = Bl =024, p=

LZf =0.88,and A = m = 0.614 can be obtained. According to the analysis results

in above sections, there are only three operating modes in the Zeta prototype, which
are:

1. d > 0.507, normal operating mode (CCM);
2. 0.386 < d < 0.507, sneak circuit phenomenon I; and
3. d < 0.386, sneak circuit phenomenon III.

Setting the duty ratios d equal to 0.23, 0.4, and 0.51 respectively, the corresponding
experimental waveforms of driving signal v,, switch voltage v, and inductor currents
i;; and i;, are sketched in Figure 3.37.
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Figure 3.37 Experimental results of a Zeta converter: (a) d = 0.23, sneak circuit phenomenon
IIT; (b) d = 0.4, sneak circuit phenomenon I; and (c) d=0.51, normal operating mode
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Table 3.2 Operating conditions and voltage ratios of Ciik, Sepic, and Zeta converters

Phenomenon Typical waveform Voltage ratio  Operating condition
VIV,
Vs A
—_— —
0 ? B
i1
. | 1 —1/2 2
phenomenon 0] o - d>1-2p
(CCM) 2 ; i

5 I | | .
i | 1
fl.f_t? d d<1+a—\2a+a?
Sneak circuit 0| /\*---.____J'r‘f =4 d>1-2p
phenomenon 1 - d>1-4
s A
I | | .
i1 E 4 d>1+a—V\2a+a?
Sneak circuit T’/’\/; 1-d d<1-2p
phenomenon 11~ 0] | d>1—2
s A
— —
0 t
i A i d d ﬂ
Sneak circuit 0 i Sl 2 P
phenomenon IIT d<1-21

(continued overleaf)
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Table 3.2 (continued)

Phenomenon Typical waveform Voltage ratio ~ Operating condition
VoV,
Vi A
1 |y
0 [ t
i1 P AP
[ d>—
Sneak circuit T/\/= d/a o
phenomenon v~ 0| . d<1-21

Vs /
E— o
0 b t
ipy f A
B i e L Y L, i=
Sneak circuit AT — a

phenomenon V

(DCM) ”T/_\

T m gy
cq=bf 5 Lf = [ 2ubf _ [2a8
Note: a = e p= N and A = AR T

It is clear that the Zeta prototype worked in sneak circuit phenomenon III, I and
normal operating mode CCM respectively and the experimental results were coinci-
dent with the theoretical analysis, therefore the sneak circuit phenomena and resulting
conditions of the Zeta converter have been verified.

3.9 Sneak Circuit Conditions of Ciik, Sepic, and Zeta Converters

By synthesizing the above analysis of Cuk, Sepic, and Zeta converters, it is found that
not only their normal operating waveforms but also their sneak circuit phenomena are
similar, even their operating conditions and output voltage expressions are the same.
Therefore, the operating conditions and voltage ratios between input and output volt-
ages of Cuk, Sepic, and Zeta converters under different modes have been concluded
in Table 3.2. According to this table, the sneak circuit phenomena of Cuk, Sepic, or
Zeta converters can be mastered, and the undesired operating mode can be avoided by
choosing appropriate circuit parameters or operation conditions.
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3.10 Summary

The DC-DC converter is a basic power electronic converter. According to the def-
inition of the sneak circuit, this chapter has studied the sneak circuit phenomenon
existing in the non-isolated DC-DC converters from a new point of view. If the sit-
uation of inductor current being continuous and positive is regarded as CCM or the
normal operating mode of the DC-DC converter, the other situations that should be
considered are the sneak circuit modes of the DC-DC converter, including DCM.
Unlike Buck, Boost, and Buck-boost converters, DCM is not the only sneak circuit
phenomenon in Cuk, Sepic, and Zeta converters, because there are two inductors in
these high-order converters and the variations of inductor current are more compli-
cated. The sneak circuit phenomena and their resulting conditions of six non-isolated
DC-DC converters have been deduced in this chapter, which will lead to a better under-
standing of the performance of DC-DC converters.
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4

Sneak Circuits of Soft-Switching
Converters

4.1 Introduction

Soft-switching is a technique that makes use of capacitor, inductor, and other compo-
nents to realize resonance, for reducing the switching losses of switching components
and EMI in the power electronic converter. As a result of adding resonant compo-
nents such as capacitor or inductor into the soft-switching converter, it is certain that
the soft-switching converter will have more current paths than the hard-switching con-
verter. Consequently, the sneak circuit phenomena in the soft-switching converter will
be more complex than those in the hard-switching converter.

According to the development of the soft-switching technique, the soft-switching
converter can be divided into three types, including the quasi-resonant converter, the
zero-switching pulse-width modulation (PWM) converter, and the zero-transition
PWM converter. In this chapter, the sneak circuit phenomena of several typical
soft-switching converters will be introduced.

4.2 Sneak Circuits of Full-Bridge ZVS PWM Converter

Among the DC/DC converters, the Full-bridge (FB) PWM converter is generally used
in high-power applications, and the phase-shift technique is often used to control an
FB converter, which can make the converter operate in zero voltage switching (ZVS).
The basic soft-switching principle of the FB PWM converter is that ZVS of all switch-
ing devices can be achieved by the resonance between the leakage inductor of the
transformer or the inductor in series with the transformer primary side and the para-
sitic capacitor of switches. The normal operating mode of the FB ZVS PWM converter
will be introduced first.

Sneak Circuits of Power Electronic Converters, First Edition. Bo Zhang and Dongyuan Qiu.
© 2015 John Wiley & Sons Singapore Pte Ltd. Published 2015 by John Wiley & Sons Singapore Pte Ltd.



106 Sneak Circuits of Power Electronic Converters

4.2.1 Normal Operating Mode of FB ZVS PWM Converter

A schematic diagram of a conventional FB ZVS PWM converter is shown in
Figure 4.1, where D, to D, is the anti-parallel diodes of switches Q; to Q,, respec-
tively, C, to C, are the parasitic capacitors or external paralleled capacitors of Q; to
0., respectively, and L, represents the total resonant inductor of the leakage inductor
of the transformer and the additional inductor in series with the transformer primary
side. The fundamental operating principle of the FB ZVS PWM converter is that a
pair of switches in each bridge leg conduct complementarily by 180 degrees and the
conduction angle of the two bridge legs differ in a fixed phase, where the switching
transition of leg O, — Q5 is delayed, that is, phase shifted, with respect to the switching
transition of leg Q,—Q,. Then leg O, —Q; becomes known as the lagging leg, and
leg O,—Q, the leading leg. Typical waveforms of an FB ZVS PWM converter under
normal operation are shown in Figure 4.2.
The output voltage of an FB ZVS PWM converter can be controlled by duty ratio
d of the switches. However, the loss of duty ratio in the secondary side is a common
phenomenon in the FB ZVS PWM converter; based on reference [1], the actual output
voltage is expressed by J
vV, = %Vi 4.1
where d, is the effective duty ratio in the transformer secondary side. The relationship
between the effective duty ratio deﬁ» and the duty ratio d in the transformer primary
side is
d,=—9 4.2)
: ALf '
1+
N2R;

where f = % is the switching frequency, T is the switching cycle, RL is the load resis-
tance, and N is the turns ratio of the transformer.

QlJ AD=F

Figure 4.1 Schematic diagram of a FB ZVS PWM converter
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Figure 4.2 Typical waveforms of a FB ZVS PWM converter under normal operation

As shown in Figure 4.2, the normal operating process of an FB ZVS PWM converter
can be divided into twelve stages in one switching period 7, and the equivalent circuits
of the first six stages are illustrated in Figure 4.3.

The analysis of normal operating mode will be described before the following
assumptions are made:

1. All elements in the FB ZVS PWM converter are ideal.

2. The paralleled capacitors of switches are defined by C; = C3 = Cj,, and C, =
C4 = Cy,,q, but the capacitance between the transformer winding is ignored.

3. The filter inductance L satisfies Ly >> L, /N2

Before stage I (or when t < 1), O, and Q5 are conducting, the current of the primary
side i, is positive, the output voltage of FB v,z = V;, the rectifier diode DR, is con-
ducting, and the load is supplied by the input voltage source. As shown in Figure 4.2,
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Figure 4.3 Equivalent circuits of the normal operating stages I to VI of a FB ZVS PWM
converter: (a) stage I; (b) stage II; (c) stage III; (d) stage IV; (e) stage V; and (f) stage VI

the value of i, at 7 = 7, equates to

I
]Oz_" H

0=+ (4.3)

where I, = % is the average output current and A/ is the primary current ripple during
the conductién, which can be given by

_ Vi—NV, dgT

Al = ————
L, +NL, 2

4.4)
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It is known that L, >> L, /N?, so Equation 4.4 can be simplified to

AI _ Vi - NVU deﬁT
N’L, 2

4.5)

In Equation 4.5, Al can be regarded as the current ripple of the output filter inductor
converting to the primary side.
The analysis of the first six stages are described by the following.

Stage I (¢, t;)

Referring to Figure 4.3a, switch Q, is turned off at ¢, then the primary current i,
charges the paralleled capacitor C, of O, and discharges the paralleled capacitor C,
of Q. v, will increase from zero and Q, can achieve zero-voltage turn-off. v,z = vy
in stage I; meanwhile, as the primary resonant inductor L, and the filter inductor L,
are connected in series, the total inductance is very large, i, is approximately constant,
and i, and v, can be given by

i) =10=1, (4.6)

Vap(D) =V, (t — 1) 4.7

2Clead

Capacitor voltage vy (i.e., v4p5) decreases from V; linearly. Assuming that v, falls
to zero at ¢, then D,, the anti-parallel diode of Q,, will conduct and stage I will be
finished. The duration of stage I is defined by

2C;,,.qV;
tl _ tO — ;e(:)d i
4

(4.8)

Stage 11 (¢4, ¢,)

Referring to Figure 4.3b, O, can be turned on at ZVS after D, conducts, because
D, clamps v, to almost zero. Although Q, has been turned on, the positive primary
current i, is still running through D, and there is no current passing through Q. As
vup = 0in stage I, i, is equal to the filter inductor current converting to the primary
side, which is

Al

1 N Vo 4.9
0+7 —E(T—h) 4.9

i (1) = %

Assuming that Q5 is turned off at 7,, the primary current i, at 7 = 7, can be approx-
imated by

I2=_ Io+_N_

1 Al Vo -a)T
v N[ > L—fT] .
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The dead time between switches 0, and Q, of the leading leg, #,,,,, should be larger
than | — 1, to achieve ZVS of Q,, then should satisfy

2 Clead Vi

llead > (411)
Lo

Stage III (z,, £3)

Referring to Figure 4.3¢, O is turned off at #,, and the primary current i, transfers to
C, and Cj;, where C; charges and C; discharges. Due to Cj is the paralleled capacitor
of O3, vg3 or vz will rise from zero slowly, then Q5 can be turned off at ZVS. Since
vap = —V¢3 in stage 111, the secondary voltage of the transformer becomes negative,
then the rectifier diode DR, conducts too. Both the primary and secondary voltages
of the transformer are zero because the secondary windings of the transformer are
shorted by DR, and DR,, then the voltage on the filter inductor v;, is equal to v,z. L,
resonates with C; and C; during this stage. i, and v¢3 can be given by

i (1) = 1, cos @, (t — 1) 4.12)
Vc3(t) = Ip2Z1 sin a)l(t - tz) (413)
L, 1
where Z, = o and o, = oo

Assuming that v rises to V; at t3, D, begins to conduct, and stage III is ended, the
duration of stage III is
A
W
1_V
1,2,
Att =13, the value of the primary current i, is

where A = sin~

L3 =1,cos 2 (4.15)

Stage IV (3, t,)

Referring to Figure 4.3d, O, can be turned on at ZVS because its voltage is clamped to
almost zero after D, conducts. Because i, is still positive, there is no current passing
through Q,; i), flows through D, and Dj, and the stored energy in the resonant inductor
L, will feed back to the voltage source V;. Since the voltages of the transformer primary
and secondary sides are zero, v, = v;, = —V; in stage IV, and i, decreases linearly
and is expressed by

V.
(1) = Iy = (0= 13) (4.16)
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Assuming that i,, falls to zero at 7, and both D, and D, are off, then the duration of
stage IV is defined by
IsL, Iyl cosi i1
fy—t3 = = .
1Th="y v (4.17)

As shown in Figure 4.2, the time between when Q5 is shut down and Q, is turned on
is defined as the dead time of the lagging leg, that is, 7;,,. Based on the above analysis,
in order to achieve ZVS of lagging leg, ;,, must satisfy t3 — t, < f,,, < 14, — 1, Which
is

y) A IpL.cosi
— <l < —+ — 4.18
w, lag w, Vi ( )
1 I,L, cos A
(1)_1 + T.

i

Based on Equation 4.18, there are f;,, i, = wi and tj50_max =
1

Stage V (ty, t5)

Referring to Figure 4.3e, as i, is too small to afford the load current, both of the
rectifier diodes keep conducting, and the transformer primary and secondary voltages
are zero as well as stage IV. Because of vy = v/, = —V,, i, increases linearly reversed
and flows through Q; and Q,, which can be given by

: Vi
lp(t) = —L—(t - t4) (4.19)
Assuming that i, is equal to the load current reflected to the primary side at fs,
we have
I, Al
J.=—[2_= 4.20
pS (N 2 > ( )

At this moment, DR, is off, stage V is ended, and the entire load current will flow
through DR, only.

Stage VI (¢5, t5)

Referring to Figure 4.3f, O, and Q, keep conducting, the load current is provided by
the input voltage source, and i, can be defined by

, —NV,
(1) = Dy =~ =21 = 15) 4.21)
’f

When Q, is turned off at ¢, and stage VI is ended, the FB ZVS PWM converter
begins to operate in another half cycle, where the operation of the next six stages are
similar to those of stages I to VI.
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4.2.2 Zero Voltage Switching Conditions of FB ZVS PWM Converter

In order to achieve ZVS of all switches in the FB PWM converter, there should be
enough energy to make the voltage of the parasitic capacitor or external additional
capacitor resonate to zero before the switch is turned on, and charge the parasitic
capacitor or external additional capacitor of the other switch in the same leg to the
input voltage V.

During the switching transition between Q, and Q, on the leading leg, that is,
stages I and II, the output filter inductor L, is in series with the resonant inductor
L,, and the energy stored in Ly and L, is large enough to achieve ZVS. However, as the
secondary side of the transformer is shortened during the switching transition between
switches Q; and Q5 on the lagging leg, that is, stages III and IV, only the energy stored
in L, is used to achieve ZVS, which is relatively small. As a result, it is easy to obtain
ZVS for switches O, and Q, on the leading leg, but difficult for Q; and Q5 on the
lagging leg [2].

On the basis of the above analysis, the ZVS conditions of the FB ZVS PWM con-

verter are expressed by
1 2 2
ELrIPZ > C,agV,-
tlag—min < tlag < tlag—max (422)
2CIeadVi
lieaa I—
pl

Defining the critical current /..., as

2C4,

Icrit =Vi Lr (423)

then the sub-equation %Lrliz > Clyg V.2 in Equation 4.22 changes to
Ip2 > Icrit (424)

or the load current should satisfy with
Ay V,d=d)T

10>N(1,,.——)+—— 425
=)t (4.25)

4.2.3 Sneak Circuit Phenomena of FB ZVS PWM Converter

For the FB ZVS PWM converter, if the input voltage V; or load resistance R; is
changed, or the dead times between switches (#,,4 or ;,,) are not set in a reasonable
range, then ZVS may not be realized, and the current will not flow in the presetting
paths, or some new current paths will show up, therefore the sneak circuit phenomena
will appear.
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Based on Equation 4.22, it is clear that the ZVS conditions of the FB ZVS PWM
converter can be divided into ZVS time condition and ZVS current condition; no
matter which condition is not satisfied, the sneak circuit phenomena will occur. The
following sneak circuit analysis will be classified by taking the ZVS current condition
into account. Similar to normal operation, only the operating process in the positive
half cycle will be analyzed.

4.2.3.1 Sneak Circuit Analysis under the ZVS Current Condition

When the ZVS current condition of the FB ZVS PWM converter, that is, Equation 4.24
is satisfied, there are three kinds of sneak circuit phenomena.

Sneak Circuit Phenomenon I

According to Equations 4.10 and 4.14, when the operating condition of the converter is
changed, for example, the load resistance R, is increased which causes /,, to decrease
and fy,,_min to increase, while 7,44, 14,, and I,;, remain unchanged. When

{tlag < tlag—min (426)

I,>1

D crit

is satisfied, O, have to be turned on before stage III is completed (or v, reaches to
—V.), then the zero-voltage turn-on cannot be realized. Furthermore, a new operating
stage A will appear after stage III. The equivalent circuit of sneak stage A is shown
in Figure 4.4.

As Q; is turned on during the resonant process of C;, Cs, and L,, v, will discharge
to zero and v; will charge to V; immediately. When the sneak stage A is ended, the
primary current i, flows through the freewheeling diodes D, and D,, which is the
same as normal stage IV. Then the converter will operate in normal stages IV, V, and
VI after sneak stage A. The typical waveforms of sneak circuit phenomenon I are
shown in Figure 4.5.

Figure 4.4 Equivalent circuit of sneak stage A



114 Sneak Circuits of Power Electronic Converters
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Figure 4.5 Typical waveforms of sneak circuit phenomenon I of a FB ZVS PWM converter

Sneak Circuit Phenomenon I1
In the normal operating mode, Q; should be turned on during stage IV to achieve
ZVS. If 114 > t155_max 18 satisfied, namely Q; does not turn on, even if stage IV is
finished, then a new operating stage B will appear, whose equivalent circuit is shown
in Figure 4.6a.

During sneak stage B, L, will resonate with C; and C; again, and as Q, is still off,
i, will increase reversed from zero and v¢; will decrease. The expressions of i, and
Ves are

V.
i(1) = —Z—’ sinw, (t — t;) (4.27)
1

Vc3([) = Vi COos a)l(t - t4) (428)

DRI C, ==_¢R{

(@) (b)

Figure 4.6 Equivalent circuits of sneak stages B and C: (a) sneak stage B; and (b) sneak
stage C
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Stage: L. BV
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Figure 4.7 Typical waveforms of the sneak circuit phenomenon II of a FB ZVS PWM
converter

If O, is not turned on before vq3 decreases to zero, then sneak stage B is finished
when v (1) = V;cos w(t — t,) = 0, and the maximum duration of sneak stage B is
defined by

LC
tomay = 7 —2@ (4.29)

If O, is turned on during stage B, that is, the lagging dead time satisfies #;,, <
fag-max T Ip—max> then Oy will not realize ZV'S because v3 does not decrease to zero.
Furthermore, a new stage C will show up, as shown in Figure 4.6b.

As Q; has been turned on, v discharges to zero and v rapidly charges to V; , and
i, remains almost constant because of the existence of resonant inductance L,. When
Vag = —Ve3 = —V, the sneak stage C is ended, so the converter will operate in normal
stages V and VL.

In summary, the condition of sneak circuit phenomenon Il is given by Equation 4.30,
and its corresponding typical waveforms are shown as Figure 4.7.

tlug—max < tlag < tlag—max + tB—max (4 30)
Iy>1

crit

Sneak Circuit Phenomenon I11
If Q, is still off when sneak stage B is over, that s, 7j,, > #j54_max + I5—max> then another
new stage D will appear, as shown in Figure 4.8.

During sneak stage D, because v-; = 0 and v =V, i, flows through D; and Q,
and remains almost constant, and Q; cannot realize zero voltage turn-on. When Q; is
turned on, the converter will operate in stages C, V, and VI until Q, is turned off.
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Stage: W1
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Figure 4.9 Typical waveforms of the sneak circuit phenomenon III of a FB ZVS PWM
converter

Based on the above analysis, the condition of sneak circuit phenomenon III can be

expressed as
{tlag > tlag—max + B max (4 31)

I,>1

p crit

and the typical waveforms of sneak circuit phenomenon III are shown in Figure 4.9.

4.2.3.2 Sneak Circuit Analysis out of the ZVS Current Condition

When the ZVS current condition of an FB ZVS PWM converter is not satisfied, there
are also three kinds of sneak circuit phenomena, which are numbered as IV to VL.

Sneak Circuit Phenomenon IV

[2C,, . . .
If I, <Il,; =V, % is satisfied by changing the converter parameters, such as

r

increasing the load resistance R;, according to Equation 4.13, the maximum value of
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capacitor voltage v; during normal stage III will be
Vc3 = p221 < Vi (432)

Therefore, it is impossible to realize ZVS of Q,. If Q, is turned on before v
increases to V3, this means that the duration of normal operating stage III satisfies
3
t23 < E, thus

L,.C,
x 2’ Lp— (4.33)

and the operating process and typical waveforms are similar to those of sneak circuit
phenomenon I, but the sneak circuit condition is different. So this situation is called
the sneak circuit phenomenon IV, and its condition is expressed as

tlag < IB_max
Iy<I

crit

(4.34)

Sneak Circuit Phenomenon V
If the fixed lagging dead time 7,,, is longer than #5_,,, thatis, 7;,, > 5_p,y, @) Will not
be turned on after stage I, then L, will keep resonant with C; and Cs, i, increases neg-
atively from zero, and v; begins to decrease, which is the same as the sneak stage B.
Based on Equation 4.29, if Q, is turned on before stage B is ended, that is, 7,,, <
2tp_max- this means that O, is turned on before v3 decreases to zero, and Q; cannot
be turned on with ZVS. After Q, is turned on, the converter will operate at stages C,
V, and VI until Q, is turned off.
Based on the above analysis, the typical waveforms of sneak circuit phenomenon V
are shown in Figure 4.10, and the condition of sneak circuit phenomenon V can be
expressed by

{tB—max < tlag < 2tB—max (4 35)

Iy<I

crit

Sneak Circuit Phenomenon VI
If the fixed lagging dead time satisfies 7,,, > 275_,,, When some operating conditions
are changed, Q, will be turned on after stage B is ended. Similar to sneak circuit
phenomenon III, the converter will operate at stages D, C, V, and VI until Q, is turned
off, thus the typical waveforms of sneak circuit phenomenon VI appear as shown in
Figure 4.11.

The condition of sneak circuit phenomenon VI can be expressed by

tlag > 2tB—max (4 36)
I,<I

crit



118 Sneak Circuits of Power Electronic Converters

Stage: e VI
! & Ll BV

Figure 4.10 Typical waveforms of the sneak circuit phenomenon V of a FB ZVS PWM
converter

Mode: {123 BDCS 6

Figure 4.11 Typical waveforms of the sneak circuit phenomenon VI of a FB ZVS PWM
converter

4.2.4 Operating Conditions of FB ZVS PWM Converter

As described above, all kinds of operating conditions of the FB ZVS PWM converter,
including the normal mode and sneak circuit phenomena, are summarized in Table 4.1.

It is found that the reasonable range of the lagging dead time 7, is related to 1,5,
which is the value of the primary current i, at 7 = 7,. Substituting Equations 4.1, 4.2,
and 4.5 into Equation 4.10, I, is defined by

V;=NV, v,
I,=V, (L, 5 oo Yy (L, 2 (4.37)
N \R, AVILf  2Lf Vi \2L;f  N?R,

Therefore, any variation of input voltage V;, output voltage V, (or duty ratio d),
switching frequency f, or load resistance R; will change the value of 1,,, which may
result in sneak circuit phenomenon.
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Table 4.1 Operating conditions of an FB ZVS PWM converter

Phenomenon Current Time condition Time condition
condition (T1ag) (t10aa)
N 1 I I 2Clead Vz
orma P2 > Leyiy tlag—min < t[ag < tlag—max liead > I
pl
Sneak circuit Lo >1y Tag < tag—min
phenomenon I
Sneak circuit Tigg—max < tiag < liag—max + B—max
phenomenon II
Sneak circuit Tiag > Nag—max F IB—max
phenomenon III
Sneak circuit Ly <1y liag < 'Bmax
phenomenon IV
Sneak circuit Tmax < Tiag < 2pmax

phenomenon V
Sneak circuit
phenomenon VI

. L,Claq A A Iyl cos 4 - -1V
Notes: tg_nax = 71/ — lag-min = o Hag—max = o + v and 4 = sin v

tlag > 2thax

4.2.5 Experimental Verification of FB ZVS PWM Converter

A FB ZVS PWM prototype based on Figure 4.1 has been implemented to
demonstrate the sneak circuit phenomena and the corresponding conditions. In
the prototype, IRFZ44N and SR506 are selected as switch and diode respec-
tively, the control IC is UC3879 and the driving IC is IR2110, and the other
parameters are C; = C5 = Cjyy = 150F, C, =Cy = Cp, =220F, L, =26 pH,
Ly =300 pH, C; = 2200 pF, f =24 kHz, V; =20V, V, =4V, and N = 1. Thus it

— L _ — — S
can be calculated that Z, = o 243Q, o, = o 9.35 x 10° (rad/s),
2C, L,Cpy .
1,;=Vix/—==082A, and t5,,, = 71/ —— = 2.05 ps. In order to verify all

the sneak circuit phenomena of the ZVS FB PWM converter proposed above,
three different values of lagging time are selected, and the operating process of the
prototype will be observed by varying the load resistance.

4.2.5.1 Experimental Results with the First Lagging Time

When R, =27, it is found that [, =142A>1,,=0.82A based on
Equation 4.37. It is calculated that [,;=1.16 A, A=0.617rad/s, f;,5_max =
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Figure 4.12  Experimental waveforms of a FB ZVS PWM converter when 7;,,; = 1.5 ps:
(a) normal operating mode (R; = 2.7 Q); and (b) sneak circuit phenomenon IV (R, = 5.3 Q)

i + M =217 ps, and fj,0_pin = o = = 0.66 ps. By setting the first lagging

tlme t,ag] = 1.5 ps, that is, j5e_min < fi41 < f14g-max»> the prototype will operate in the
normal operating mode according to Table 4.1. Figure 4.12a illustrates the waveforms
of driving voltage of switches Q; and Q5 on v, and v, and the FB output voltage
v4p, Which is similar to that in Figure 4.2. The correctness of the theoretical analysis
has been verified.

By changing the load resistance to R, = 5.3 Q, it is found that /,, = 0.67 A <
Iy =0.82 A and 1),; = 1.5 ps < gy, = 2.05 ps. The condition of sneak circuit
phenomenon 1V is satisfied by Table 4.1. The corresponding experimental waveforms
are illustrated on Figure 4.12b, which show that v,5 begins to decrease when Q5 is
turned off, and Q, is turned on before v, decreases to —V;, but v, decreases to —V;,
very quickly after Q, is turned on. Figure 4.12b is similar to the ideal waveforms
of sneak circuit phenomenon IV (Figure 4.5), which demonstrates the sneak circuit
phenomenon IV and the occurrence of that condition.

4.2.5.2 Experimental Results with the Second Lagging Time
By selecting the load resistance R; = 2.5 Q, it is found that /,(r,) = 1.544 A > ]

crit>
lag—min = 0.5 ps, and 5, = 2.3 ps. The experimental waveforms at the second
lagging time 7;,,,0 = 2.2 ps are illustrated in Figure 4.13a, which show that the pro-
totype is operating in the normal mode, which satisfies the theoretical analysis.

By changing the load to R, =5.7 Q, it is found that I,(1,) =0.62 A <1, and
Igmax < Tiagy = 2.2 P8 < 21pp,y- According to Table 4.1, the sneak circuit phenomenon
V will appear, whose experiment waveforms are illustrated in Figure 4.13b. It is found

that v,z does not decrease to —V; when Qj is turned off, then a resonance occurs. v,p
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Figure 4.13 Experimental waveforms of a FB ZVS PWM converter when 7;,,, = 2.2 ps:
(a) normal operating mode (R; = 2.5 Q); and (b) sneak circuit phenomenon V (R, = 5.7 Q)

decreases to —V; until Q, is turned on, which is similar to the ideal waveform of sneak
circuit phenomenon V (Figure 4.10).

4.2.5.3 Experimental Results with the Third Lagging Time

By setting R, = 1.2 Q, it can be achieved that 1,(1,) = 3.2 A > 1,4, tj4g_min = 0.28 ps,
and f,,_max = 4.3 ps. By setting the third lagging time to #;,,3 = 4.2 ps, the prototype
will operate in the normal mode, as shown in Figure 4.14a.

By changing the load resistance to R, = 2.5 €, it is found that 1,(,) = 1.544 A >
Ly Ut Ty i = 0.6 ps and 7,1, = 2.3 ps. The lagging dead time satisfies the con-
dition of sneak circuit phenomenon II, that is, fgy,, < #1563 = 4.2 ps < 21p,,. The
experimental waveforms are illustrated in Figure 4.14b, which show that v,z decreases
from zero to —V; when Q5 is turned off, and then v, increases, but Q, is turned on
before v, rises to zero, and v, decreases to —V; quickly after Q, is on. The above
process is similar to the ideal waveform of sneak circuit phenomenon II (Figure 4.7),
which demonstrates sneak circuit phenomenon Il and its occurring condition.

By changing the load resistance to R, = 3.3 Q, it is found that 1,(#,) = 1.14 A >
Lyits tiag—min = 0.86 ps, and 75, pa = 1.89 ps, thus 71,3 = 4.2 ps > 150 pax +
Ip_max = 3.94 ps satisfies the condition of sneak circuit phenomenon III. The corre-
sponding experimental waveforms are illustrated in Figure 4.14c, which is different
from Figure 4.14b in that v,5 rises to zero before Q, is turned on. Therefore, the
sneak circuit phenomenon III (Figure 4.9) has been verified.

By increasing the load resistance to R, = 8 €, itis found that I,(#,) = 0.41 A <1,
and t,,3 = 4.2 ps > 2tp_, = 4.1 ps, which satisfies the condition of sneak circuit
phenomenon VI. The corresponding waveforms are illustrated in Figure 4.14d, in
which v, resonates to zero before Q; is turned on, then Q, cannot realize ZVS. It
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Figure 4.14 Experimental waveforms of a FB ZVS PWM converter when 7,3 = 4.2 ps:
(a) normal operation mode (R; = 2.1 Q); (b) sneak circuit phenomenon II (R; = 2.5 Q);
(c) sneak circuit phenomenon III (R; = 3.3 Q); and (d) sneak circuit phenomenon VI (R; =
8 Q)

is clear that sneak circuit phenomenon VI (Figure 4.12) and its appearing conditions
have been proven.

Based on Figures 4.12—4.14, all sneak circuit phenomena in the FB ZVS PWM
converter, except phenomenon I, have been verified, because #;,,_pi, is too small and
the operating conditions of sneak circuit phenomenon I, that is, 7,, < fj44_min» 1S t0O
hard to be satisfied. It is obvious that ZVS of the lagging leg O, and Q5 will not
be achieved only by varying the load resistance, and different kinds of sneak circuit
phenomenon will appear.

4.3 Sneak Circuits of Buck ZVS Multi-Resonant Converter

The quasi-resonant (QR) converter is one of the earliest soft switching converters, in
which only one switching component (switch or diode) can achieve soft switching.
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Figure 4.16 Schematic diagram of a Buck ZVS MR converter

In order to realize soft switching of both switch and diode, a multi-resonant (MR)
converter is proposed [2]. A zero-voltage multi-resonant switch (ZV MRS) is illus-
trated in Figure 4.15, where the resonant capacitors C, and C; are in parallel with
switch Q and diode D respectively. Resonant inductor L, is connected between C,
and C, in the type of Il network. In practice, ZV MRS is generally used, because the
junction capacitance of switch Q or diode D can be made use of.

Applying the concept of ZV MRS to the Buck converter, a Buck ZVS MR converter
can be obtained, as in Figure 4.16, where D, is the parasitic or anti-parallel diode of Q.

4.3.1 Normal Operating Mode of Buck ZVS MR Converter

Before analyzing the operating principle of the Buck ZVS MR converter, the following
assumptions are made.

1. All the components in the Buck ZVS MR converter can be regarded as ideal, that
is, all parasitic resistances are zero, and the conduction voltage drop is also zero.

2. The filter inductance is much larger than the resonant inductance, Ly >> L,.

3. The output side can be considered as a constant current source /,, because the filter
inductance is very large.

The typical waveforms of a Buck ZVS MR converter in normal operating mode are
illustrated in Figure 4.17. It is found that there are four stages in one switching cycle,
and the equivalent circuits of operating stages are shown in Figure 4.18.
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Figure 4.17 Typical waveforms of a Buck ZVS MR converter in normal operating mode
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Figure 4.18 Equivalent circuits of a Buck ZVS MR converter in normal operating mode:
(a) stage I; (b) stage II; (c) stage III; and (d) stage IV
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Stage I (¢y, ;)

As shown in Figure 4.18a, switch Q is conducting, diode D is reverse biased because
Vg 18 always positive, and L, resonates with C,; during stage 1.

It is known that the initial conditions of stage I are i;,(f)) = 1,, v¢,(f)) =0, and
vealty) = 0, and the expressions of iz,, v, and v¢, during stage I can be given by

V.
i, (1) =1, + = sinw,, (t — t,) (4.38)
Zrd
Ve () =0 (4.39)
vea() = Vil = cos @,,(t — )] (4.40)
where Z, = /2 and @,, = ——
Ve VLG

Stage II (¢, ¢,)

As shown in Figure 4.18b, when switch Q is turned off at 7, C, and C, begin resonance
with L,. Q operates in zero-voltage turn-off as the voltage v, rises from zero slowly.
i1 Veg» and v, can be given by

1,C
i () =11,(1)) COS @,4(t — 1)) + ¥ ch [1 = cos @,q(t = 17)]
1 G\ .
+ Vi=Vea ) (1= 5 )| sin@at = 1) (4.41)
rqd d
I,) 1 ILr (tl) 10 .
1= r—1)+ - r—t
ch() Cq+ Cd( 1) qud [ Cq Cq+cd Slna)rqd( 1)
Cy
+ [V = Vet = cos @, 4(t — 1,)] (4.42)
Cq+Cd cd\l qd 1
C‘I
vea(t) = Vea(ty) + C,+ Cd[Vi = V()] = cos w41 — )]
+ 1, (1) °_1|si (t—1,) L (t — 1,)(4.43)
- S1in w - - - .
©0,4Ca |7 C i+ Cy Ve, v !
_ L, _ 1 _ C,Cy
where Z,,; = 4/ o Prgd = Wik and C, = Cq:Cd.

Stage II terminates when v, reduces to zero at f,, and diode D turns on under
zero-voltage.
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Stage III (z,, £3)

As shown Figure 4.18c, since switch Q is off and diode D is on, C p is resonant with
L,. The expressions of i;,, v¢,, and v, during stage III are

. 1 .
i () = Z—[Vl- = Ve ()] sinw, (1 — 1) + 1;,.(t,) cos @, (t — 1) (4.44)
rq
Ve (D) = Ve () cos o, (t — 1) + Z,, 11, (1) sinw, (t — 1) + V[1 — cos w,,(t — 1,)]
(4.45)

_ L _ 1
where Z,, = c and w,, = i

When v, decreases to zero at 73, stage Il is ended, and D, is turned on. As a result,
switch Q can be turned on with the zero-voltage condition.

Stage IV (3, t4)

As shown in Figure 4.18d, when the converter enters into stage IV, diodes D and D,
keep conducting as aresultof i, > 1, and i;,. < 0. The voltage on the resonant inductor
L, is equal to input voltage V;, so i/, will increase linearly. The expressions of iy, v¢,,
and v, during stage IV are

V.
i, (1) = L—l(f —13) + 11,(13) (4.47)
Ve, () =0 (4.48)

Switch Q should be turned on before i;, becomes positive, or zero-voltage turn on
cannot be achieved. At the moment of ¢4, i;,(t,) = I,, diode D is turned off naturally
and i;, flows through switch Q, and stage IV is followed by stage 1.

Based on the above analysis, except for the operating stage IV, the other three stages
operate in resonance, and the resonant frequency varies in every stage because the
resonant elements are different. Therefore, this converter is known as a MR converter.

4.3.2 Sneak Circuit Phenomenon of Buck ZVS MR Converter

If circuit parameters or operating conditions of the Buck ZVS MR converter are
changed, v, reduces to zero before v, during stage II, then a new operating stage
I, which is the sneak stage, will appear and its equivalent circuit is illustrated in
Figure 4.19. During stage I1I', when v, reduces to zero at t,, D,, is turned on, then C,
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Figure 4.20 Typical waveforms of a Buck ZVS MR converter in sneak circuit mode

will resonate with L,. When v, reduces to zero, stage III" will finish and the converter
will enter the normal operating stage IV. The typical waveforms of the Buck ZVS MR
converter in sneak circuit mode are illustrated in Figure 4.20.

Based on Equations 4.42 and 4.43, the sneak circuit conditions at which stage III'

will appear can be expressed as
{ch(t2)=0 50

vea(t) >0

where t, — t; = (1 — d)T, d is duty ratio, and 7 is the switching cycle.

When sneak circuit phenomenon occurs, it is found that both switch Q and diode
D can keep zero-voltage turn-on, although the resonant stage is different from normal
operation. But the output voltage, the voltage and current stresses of the components
may change and have unpredictable influences.
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4.3.3  Simulation Verification of Buck ZVS MR Converter

In order to demonstrate the correctness of the above-mentioned analysis, a Buck ZVS
MR prototype based on reference [3] was built in PSIM® and the simulation param-
eters were V; =10V, L, = 1.36 pH, C; = 13.6 nF, C, = 40.8 nF, C; = 50 pF, and
Ly = 50 pH. By changing the switching frequency f; or load resistance R, the driving
voltage v, for switch Q, resonant inductor current i; ., and resonant capacitor voltages
Vey and vy, are illustrated in Figure 4.21, which is consistent with the experimental
waveforms in reference [3].

In Figure 4.21a, v, reduces to zero earlier than v, which satisfies Figure 4.17.
It is obvious that the Buck ZVS MR converter operates in normal operating mode.
Figure 4.21b illustrates the critical mode that v, and v, decrease to zero simultane-
ously. However, v, decreases to zero earlier than v, in Figure 4.21c, which is the
same as the sneak circuit phenomenon in Figure 4.20.

Comparing Figures 4.21a—c, it is proven that sneak circuit phenomenon will occur
by changing the switching frequency or load resistance, which demonstrates the
correctness of the above analysis.

4.4 Sneak Circuits of Buck ZVT PWM Converter

In QR converters and MR converters, both resonant inductor and resonant capacitor
are involved in the process of energy transfer, and their voltage and current stresses
are large as aresult. In ZVS PWM converters and ZCS (zero-current switching) PWM
converters, resonant inductor is in series with the main power circuit, and the voltage
and current stress of switches and resonant devices are also large. In order to overcome
the above shortcomings, a zero-voltage-transition (ZVT) converter was proposed in
the early 1990s [4]. In this kind of converter, the resonant tank is in parallel with the
main switch, and the resonant time is controlled by the auxiliary switch. Thus, the
ZN'T converter has the following advantages:

1. All of the switching components can achieve ZVS.

2. The main circuit for power transmission does not contain resonant elements. As a

result, the voltage and current stresses of the main circuit are relatively small.

The constant frequency characteristic of PWM converter can be retained

4. Compared with other kinds of soft switching converters, the range of supply volt-
age and load resistance in zero switching loss is broadened.

98]

As there is a resonant tank in the ZVT converter, it is likely that sneak circuit paths
exist in the ZVT converter. The Buck ZVT PWM converter shown in Figure 4.22 will
be used as an example to discuss the sneak circuit phenomena in a ZVT converter.
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Figure 4.22 Schematic diagram of a Buck ZVT PWM converter

4.4.1 Normal Operating Mode of Buck ZVT PWM Converter

In the Buck ZVT PWM converter, an auxiliary switch Q;, auxiliary freewheeling
diode D, and resonant inductor L, are added with respect to the traditional Buck con-
verter. In addition, resonant capacitor C, includes the parasitic capacitance of main
switch Q, and D, indicates the anti-parallel diode of switch Q. In order to simplify the
analysis, the following assumptions are made.

1. All the components are regarded as ideal ones.

2. The current flowing through filter inductor L can be considered as constant current
1,, because the filter inductance is large enough.

3. The output voltage V, remains constant, because the output capacitor C is large
enough.

The typical operating waveforms of a Buck ZVT PWM converter in normal oper-
ating mode are illustrated in Figure 4.23. It is obvious that each switching cycle can
be divided into eight stages, whose equivalent circuits are illustrated in Figure 4.24.
The brief analysis of various operating stages is described as follows [4].

Stage I (¢, ¢;)

Referring to Figure 4.24a, the main switch Q is turned on and input voltage source V;,
provides energy to load through Q.

Stage 11 (¢4, ¢,)

Referring to Figure 4.24b, if Q is turned off at #;, V; charges to resonant capacitor C,,
and v, increases linearly. Stage II is ended when v, = V.



Soft-Switching Converters 131

| [ |

io
I I,

fo I’|f.: L Iy 15 lelyly
Stage: 1 Iom v yvvieN
gL Vi v

Figure 4.23 Typical waveforms of a Buck ZVT-PWM converter in normal operating mode

Stage I1I (¢,, £3)

Referring to Figure 4.24c, as both Q and Q, are in the off state, the current flows
through the main diode D and v, = V.

Stage IV (¢3,¢4)

Referring to Figure 4.24d, the auxiliary switch Q, is turned on at #, i;, increases and
ip decreases linearly to zero, D is turned off and stage IV is finished.

Stage V (#4, t5)

Referring to Figure 4.24e, as inductor L, is resonant with resonant capacitor C,. When
v¢, decreases to zero, D,, is turned on. Then v, is clamped to zero, which creates the
zero-voltage turn-on condition for Q.

Stage VI (¢5, £;)

Referring to Figure 4.24f, i;, remains constant because the voltage across L, is equal
to zero. In this stage, Q can be turned on in zero voltage, but the current will not flow
through Q until Q, is turned off and i;, decreases to /,.
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Stage VII (¢, t7)

Referring to Figure 4.24g, if O, is turned off at 75 and the auxiliary diode D, is turned
on, which provides a freewheeling path i;,. i;, begins to decrease and stage VII is
finished until i;, decreases to /,,.

Stage VIII (¢,, tg)

Referring to Figure 4.24h, if i;, =, at t;, i, will increase from zero and i;, will
decrease linearly. Stage VIII will terminate until i;, reduces to zero and one switching
cycle is ended.

4.4.2 Sneak Circuit Phenomenon of Buck ZVT PWM Converter

The auxiliary switch Q; normally contains parasitic capacitance C,;, and the Buck
ZN'T PWM converter with parasitic parameters is shown in Figure 4.25 [4]. When the
capacitance of C,; cannot be ignored, C,; will construct a new current path with reso-
nant inductor L, and resonant capacitor C,, and provide a reverse current path for i,.

As a result, sneak circuit phenomenon will appear, and the corresponding operation
can be described as follows.

Stage (t9, t;)

The main switch Q conducts, i;, equals to zero, and the input voltage source V; pro-
vides energy to load through Q, which is the same as the normal stage I.

Stage (¢, t,)

If Q is turned off at ¢;, and the auxiliary switch Q; is still off at this time, V, charges
to C, and C,; synchronously and i;, decreases. The equivalent circuit of this stage,

L
10 é
2L
L &’D C== R&; []

1o
v, C) K D

Figure 4.25 Schematic diagram of a Buck ZVT PWM with parasitic parameters
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Figure 4.26 Equivalent circuits of the sneak stages in a Buck ZVT PWM converter: (a) stage
I’; (b) stage I'; (c) stage II'; and (d) stage TV’

which is named as stage I, is illustrated in Figure 4.26a. Stage I’ will be finished when
V¢, increases to V.

Stage (tZ’ t3)

Diode D is turned on when the voltage across it is positive, and then D, is also turned
on, then the output current flows through D and the series branch D, and L,. The equiv-
alent circuit of this stage, which is named as stage Il’, is illustrated in Figure 4.26b.
iy, keeps constant as the voltage across L, is equal to zero.

Stage (¢3, 14)

Assuming that Q, is turned on at #; and D is turned off under negative voltage, this
stage is the same as normal stage IV. i;, increases linearly and i}, decreases linearly,
D is turned off when i;, = 1, and this stage is ended.

Stage (¢4, t5)

Assuming that D is turned off at 4, this stage is the same as normal stage V. Resonant
inductor L, is resonant with resonant capacitor C,, then v, decreases and i, increases
in a sinusoidal way. When v, decreases to zero and D, is turned on, this stage is ended.
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Stage (t57 t6)

This stage is the same as normal stage VI, in which the main switch Q can achieve
zero voltage turn-on.

Stage (¢, t7)

Assuming that Q, is turned off and D, is turned on at 7, this stage is the same as
normal stage VII, which will be terminated when i;, reduces to /,.

Stage (t77 ts)

This stage is the same as normal stage VIIL i, increases from zero linearly and iy,
keeps decreasing at this stage. This stage will be ended when i;, reduces to zero and
D, is turned off.

Stage (f3, t9)

The resonant inductor current i;, keeps decreasing because L, resonates with C.
The equivalent circuit of this stage, which is named as stage IIl', is illustrated in
Figure 4.26c. This stage will be ended when the voltage on C,; decreases to zero
and D, is turned on.

Stage (Z9, £19)

Assuming that D, is turned on at 7y, the equivalent circuit of this stage, which is
named as stage IV’, is illustrated in Figure 4.26d. Because the voltage across L, is
equal to the voltage drop on Q, i;, increases linearly and this stage ends when i;,
is equal to zero. Then the converter enters stage I again and another operating cycle
begins.

The corresponding waveforms are illustrated in Figure 4.27a, in which the resonant
inductor current i;, is discontinuous. If i;, does not increase to zero before the main
switch Q is turned off, stage I will not appear in the operating process, so stage I will
follow stage IV’ directly and i;, becomes continuous. The corresponding waveforms
are illustrated in Figure 4.27b.

Comparing the waveforms in Figure 4.27 with those in Figure 4.23, the char-
acteristics of the Buck ZVT PWM converter change obviously when the sneak
circuit phenomenon occurs. Because the parasitic capacitance of the auxiliary
switch @y, that is, C,;, cannot be ignored, there is internal commutation during
operation, which will increase the conduction loss of the main switch; on the
other hand, the turn-on time of D, (stage II') is increased, which will lead to the
efficiency drop.
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Figure 4.27 Typical waveforms of a Buck ZVT-PWM converter in sneak circuit mode: (a) i,
is discontinuous; and (b) i;,. is continuous

4.4.3  Simulation Verification of Buck ZVT PWM Converter

In order to demonstrate the correctness of the above analysis, a simulation circuit
of a Buck ZVT PWM converter was designed in PSIM® based on Figure 4.25. If
Power MOSFET IRF460 was selected for the auxiliary switch, then Cy; = 480 pF
and the other parameters were V; = 100 V,V, =50 V, L, = 100 pH, C, = 10 nF, C =
100 pF, R; =25 Q, and f, = 50 kHz.

Simulation waveforms are illustrated in Figure 4.28, from top to bottom of the
figure, there are driving signal of main switch Q (i.e. v1), driving signal of auxiliary
switch Q, (i.e. v2), resonant capacitor voltage v,, output voltage V,, and resonant
inductor current i;,. It can be observed that i;, is continuous, which is the same as that
in Figure 4.27b and the correctness of sneak circuit phenomenon is proven.
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Figure 4.28 Simulation waveforms of a Buck ZVT PWM converter in sneak circuit
phenomenon

4.5 Summary

This chapter introduced some sneak circuit phenomena in soft-switching convert-
ers, and took FB ZVS PWM converter, Buck ZVS MR converter, and Buck ZVT
PWM converter as examples. Compared with the hard-switching converter, it can be
concluded that the amount of sneak circuit paths are more and the sneak circuit phe-
nomena are more complex in the soft-switching converters because of the resonant
tank. So the sneak circuit phenomenon of soft-switching converters should be avoided,
or it will lead to the unpredicted influence on the converter.
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Sneak Circuits of other Power
Electronic Converters

5.1 Introduction

Most topologies of power electronic converters are significantly dependent on the
inspirations and experiences of designers and there are no rigorous theories or methods
to follow, which may lead to some paths or states in the power electronic converter,
which are unknown to the designers. The sneak circuit phenomena existed in some
common power electronic converters have been described in Chapters 2—4. In this
chapter, two new types of power electronic converters, the Z-source inverter and the
synchronous rectifier DC-DC converter, will be discussed.

5.2 Sneak Circuits of Z-Source Inverter

The impedance-source (or impedance-fed) power electronic converter (abbreviated
as the Z-source converter) is a new type of power electronic converter, which cou-
ples the converter (or inverter) to the dc source or load by introducing an impedance
network. The general structure of a Z-source converter is presented in Figure 5.1,
where the unique impedance network consists of split inductors L; and L, and capac-
itors C; and C, connected in an X-shape [1]. By selecting a suitable control method,
the Z-source converter can implement DC-AC, AC-DC, AC-AC, and DC-DC power
conversion, and operate in open or short circuit states that cannot be observed in tra-
ditional voltage-source and current-source converters. The advantage of the Z-source
converter is that it can connect the power source in any form to the converter main
circuit, and can provide power for any load. As the power source, main circuit, and
load in the Z-source converter are flexible, there are many forms of Z-source convert-
ers. In this section, the Z-source inverter is taken as an example to illustrate the sneak
circuit phenomenon in the Z-source converter.
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Figure 5.1 General structure of the Z-source converter [1]

5.2.1 Operating Principles of Z-Source Inverter

The schematic diagram of a three-phase Z-source inverter is shown in Figure 5.2, in
which the diode D is used to prevent the reverse current flowing into the dc source (for
example, the fuel-cell). The three-phase inverter can work in both the shoot-through
state and the nonshoot-through state of the lower and upper components of the same
leg, due to the existence of the Z-source impedance.

Therefore, the inverter bridge will have nine permissible switching states or voltage
vectors, including six active states (or status I) when the dc voltage is applied to the
load directly, two traditional zero states (or status II) when the load terminals are
shorted through either the lower or upper three devices, and one zero vector when the
load terminals are shorted, namely is the shoot-through zero state (or status III), which
is forbidden in the traditional voltage source inverter [1].

In order to simplify the analysis, the impedance network generally uses the sym-
metrical structure with L; = L, and C; = C,. Then each normal operating mode of
the Z-source inverter will be discussed based on the relationships V| = Vi = Vi,
vy =V = v, and gy =iy = ip.

Status I

The three-phase inverter bridge is equivalent to a current source /; when it is in
one of the active states. The equivalent circuit of the Z-source inverter is shown in
Figure 5.3a, which gives

va = Vpc
v =Vpe—Ve (5.1)
vi=Ve—v, =2V = Vpe '

where Vpc is the voltage of input voltage source, V, is the input voltage of the

impedance network, v; is the output voltage of the impedance network or the input
dc voltage of the inverter bridge, and ij, is the diode current.
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Figure 5.3 Equivalent circuits of the Z-source inverter in normal operating mode: (a) sta-
tus I —inverter’s active state; (b) status II —inverter’s traditional zero state; and (c) status
IIT — inverter’s shoot-through zero state
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Status I1

The inverter bridge is represented by a current source with zero value or an open
circuit when it is in one of the two traditional zero states. The equivalent circuit of the
Z-source inverter is shown in Figure 5.3b, which gives

va = Vpc
v =Vpc— Ve
1Vv; =2V = Vpe (5.2)
i;=0
ip=2i

Status I1I

The load terminal is equivalent to a short circuit when the inverter bridge is in the
shoot-through zero state. Since the capacitor voltage V- is almost constant and
2V > Vpe based on Equations 5.1 and 5.2, diode D is subject to the reverse voltage
and turn off. The equivalent circuit of the Z-source inverter is shown in Figure 5.3c,
so we have

VL=VC
Vd:2VC

5.3
v (5.3)

According to the above analysis, the typical waveforms when the Z-source inverter
is in normal operating modes are shown in Figure 5.4, where v,, v, and v, are the
three phase reference voltages respectively, and v, and v, are used to control the
shoot-through time.

Assuming that in one switching cycle 7, the inverter bridge is in the shoot-through
zero state (or status III) for an interval of T\, D = % is defined as the duty cycle of
shoot-through zero state, and the inverter bridge in the nonshoot-through zero state
(or statuses I and II) for an interval of T, and 7| satisfies T, + 7|, = T.

The average voltage of the inductors over one switching cycle 7 is equal to zero in
steady state, and from Equations 5.1-5.3, we have

Ve = II_—Z%VDC (5.4)
According to Equation 5.1, the peak dc-link voltage across the inverter bridge is

expressed as V.. = 2V — Vp, and substituting it into Equation 5.4 gives

Vimax = BVDC (55)
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Figure 5.4 Theoretical waveforms of the Z-source inverter in normal operating mode

where B = 7 TT = ﬁ > 1 is the boost factor resulting from the shoot-through
=40 -

zero state. On the other hand, the output peak phase voltage of the inverter can be
expressed as

Vimax
Voman = M=% (5.6)

where M is the modulation index of inverter, and M < 1 is normally used in the
SPWM (sine pulse-width modulation) and M < 2/3 in the SVPWM (space vector
pulse-width modulation). Substituting Equation 5.5 into Equation 5.6, the output peak
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phase voltage can be further expressed by

Vamax - TVDC (57)

Because MB = (0 ~ o), Equation 5.7 shows that the output voltage of the
Z-source inverter can be step-up or step-down by choosing an appropriate buck-boost
factor MB.

5.2.2  Sneak Circuits of Z-Source Inverter

Due to the Z-source impedance, the three-phase inverter bridge can operate in active
state, traditional zero state, or shoot-through zero state. Considering that diode D has
two operating states, which are on-state and off-state, the Z-source inverter should
have six operating modes according to the combination of two diode states and three
inverter states. Except for the three normal operating statuses shown in Figure 5.3, the
other three sneak circuit statuses are illustrated in Figure 5.5 respectively.

When the Z-source inverter operates in the sneak circuit status I, according to
Figure 5.5a, i, = 0, we have

vi=Ve—v; (5.8)
ip =1;/2

Since I; is almost constant, the inductor voltage v; of L, and L, is near zero and
can be negligible [2], then v; = V- — v, = V. Accordingly, the input dc voltage v;
changes to Ve from an original value 2V — V-, which will make a sudden change
and affect the output ac voltage of the inverter.

When the Z-source inverter operates in the sneak circuit status II" shown in
Figure 5.5b, i;, = 0, i; = 0, and the inverter bridge is in open circuit, then v; = 0 and
v; = V- —v; = V. Since the output voltage of the inverter bridge is a zero vector,
the change of input dc-link voltage v; will not affect the output ac voltage.

When the Z-source inverter operates in the sneak circuit status III' shown in
Figure 5.5¢, it must satisfy the following voltage relationship:

v, = VC (5 9)
va = Vpc =2V .

However, the capacitor voltage V- satisfies 2V > Vj,+ in the normal operating
mode to ensure a positive dc-link voltage of the inverter bridge (i.e., v; > 0). As the
capacitor voltages cannot be changed suddenly, Equation 5.9 is not available, which
means that status III’ will not occur.

According to the above analysis, when sneak circuit status I’ occurs, the typical
waveforms of the Z-source inverter are as shown in Figure 5.6.
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Figure 5.5 Equivalent circuits of the Z-source inverter in sneak circuit mode: (a) status
I’ — inverter’s active state and diode’s off-state; (b) status I’ — inverter’s traditional zero state
and diode’s off-state; and (c) status III" — inverter’s shoot-through zero state and diode’s
on-state

The diode current in normal status I can be expressed by i, = 2i; — I;, if the inductor
current satisfies i; > %Ii, 80 i, > 0 and the sneak cisrcuit status I’ will not occur.

As the average inductor current is equal to the average input current, according to the
energy balance principle, the average value of inductor current /; can be expressed as

P _ 3V0max10max cos ¢
VDC 2VDC

where cos ¢ is the load power factor and V,,,, and I, are the peak value of output
phase voltage and output phase current, respectively.

IL=

(5.10)
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Figure 5.6 Typical waveforms of the Z-source inverter when sneak circuit status occurs

In the normal operating mode, when the Z-source inverter is operating in
shoot-through state (operation status III), we have v; = V- and the inductor current i;
will increase linearly. According to Figure 5.4, the peak-to-peak value of the inductor
current A/, is defined by

VD
21f,

where f; is the switching frequency of the inverter. Then the minimum value of induc-
tor current /;,;, equates to

(5.11)

1
Tpmin =1 — EAIL (5.12)
It is known that the maximum value of the input current /;,,,, of the inverter bridge
is equal to the peak value of the output phase current /.., thus the normal operating

condition of the Z-source inverter can be rewritten as
1 1

Timin =11 — EAIL 2 5

Substituting Equations 5.4, 5.7, 5.10, and 5.11 into Equation 5.13, we obtain

L) max (5.13)

Lf-M <%MBCOS¢ — 1) > D(1 — D)|Z| and %MBcosgb -1>0 (5.14)

where the magnitude of load impedance Zis |Z| = |R + joL| = ‘I/ﬂ

omax
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Based on Equation 5.14, if the parameters or operating conditions of a Z-source
inverter (i.e., L, Z, M, B, D, f,, etc.) are selected inappropriately, sneak circuit phe-
nomenon will occur when Equation 5.14 is not established. The diode current will be
discontinuous during the period of active states and the input dc voltage of the inverter
bridge will drop, which seriously affects the quality of the output ac voltage.

5.2.3  Simulation Verification of Z-Source Inverter

In order to verify the relationship between load impedance and sneak circuit phe-
nomenon in the Z-source inverter, a simulation circuit of the Z-source inverter based
on Figure 5.2 was built in PSIM®. The simulation parameters of the impedance net-
work are C; = C, = 100 pF and L; = L, = 50 pH, the modulation factor is M = 0.9,
the shoot-through duty cycle is D = 0.15, the switching frequency is f, = 10 kHz, the
output frequency is f = 50 Hz, the load power factor is cos ¢ ~ 1, and the input volt-
ageis V- = 100 V. It can be calculated from Equation 5.14 that the Z-source inverter
will operate in normal situations when the load impedance satisfies |Z| < 3.27 Q.

By setting the load impedance of each phase to Z=3+4,0.314Q (.e.,
|Z] =3.016 Q and cos ¢ = 0.995), the simulation waveforms of the input volt-
age of the inverter bridge v;, the inductor voltage v; and the diode current i, are as
shown in Figure 5.7, which are entirely consistent with the normal situation. However,
by increasing the load impedance to Z = 10 +0.314 Q (i.e., |Z] = 10.005 Q and
cos ¢ = 0.999), with the simulation waveforms of v;, v;, and ij, shown in Figure 5.8,
it is found that there is a voltage drop in the input dc voltage of the inverter bridge v;
and the peak value of v; becomes higher than that under normal operating conditions,
and the sneak operating status I’ appears.
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Figure 5.7 Simulation waveforms of Z-source inverter operating when Z = 3 4 j0.314 Q
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Figure 5.8 Simulation waveforms of Z-source inverter when Z = 10 + j0.314 Q

In addition, reference [2] describes some new operating situations in the Z-source
inverter under small inductance or low load power factor, which is the same as the
sneak circuit phenomenon in Section 5.2.2. Therefore, it can be concluded that sneak
circuits really exist in the three-phase Z-source inverter.

5.3 Sneak Circuits of Synchronous DC-DC Converters

The trend in power supplies for CPUs, chipsets, and other portable devices is to reduce
the output voltage levels from 5 to 3.3V, 1.7V, and lower levels. As the output voltage
is reduced, the conduction loss of rectifier diode becomes the main source of power
loss in low-voltage power supplies. Unfortunately, what can be done to reduce the
forward voltage drop of diodes is limited by the junction contact potential. Schottky
diodes having reduced junction potential can be employed; nonetheless, low-voltage
power supplies containing diodes still have low efficiency, especially in the case of
extra-low output voltage.

Since the channel in the Power MOSFET has the ability to conduct the reverse
current, it is possible to replace a diode with a Power MOSFET in some situations,
by controlling the Power MOSFET in the on-state when the diode would normally
conduct and in the off-state when the rectifier diode would be reverse-biased. The
advantage of using a Power MOSFET instead of a rectifier diode is the extra low con-
duction loss of a Power MOSFET, I2,,R,,, which is defined by its on-resistance R,,
and the operating RMS current /,,,,.. As the on-resistance can be decreased to a very
low value by the design, the conduction loss of the Power MOSFET can be reduced
to as low as desired, then the efficiency of the power supply can be increased. There-
fore, the solution that replaces the rectifier diodes with Power MOSFETSs operated as
synchronous rectifiers are widely used in low-voltage power supplies [3].
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In synchronous rectifiers, the Power MOSFET will have the same external charac-
teristics of rectifier diode by synchronous control, but the Power MOSFET contains
a parasitic capacitor and a body diode, thus there will be some other current paths in
the synchronous rectifier, which are different from those in the original diode recti-
fier, and may bring some new properties to the converter. As the synchronous Buck
converter is popular for low-voltage power conversion, because of its high efficiency
[4, 5], the following section will use it as an example to illustrate how to analyze the
sneak circuits and their occurrence in synchronous converters.

5.3.1 Egquivalent Circuit of Synchronous Buck Converter

The synchronous Buck converter can be obtained by replacing the diode in the Buck
converter (Figure 3.1) with a Power MOSFET. As shown in Figure 5.9, §; is the main
switch and S, is the synchronous switch, which is controlled by the complement driv-
ing signal of §;.

Normally, a composite switch, as shown in Figure 5.10, is used to represent the
structure of a Power MOSFET, when considering the drain-to-source capacitance and
body diode of the Power MOSFET. Furthermore, a faster anti-parallel diode or addi-
tional capacitor is usually added to improve the performance of the Power MOSFET
in some applications. Therefore, the composite switch can be modeled by an ideal
bi-directional switch, an anti-parallel ideal diode D, and a parallel capacitor C, with
a significant drain-to-source capacitance. The equivalent circuit of the synchronous
Buck converter with a composite switch model is illustrated in Figure 5.11.

16 st e [

Figure 5.9 Schematic diagram of a synchronous Buck converter

3Jﬁ ,:> 1{;\\ == %D,

Figure 5.10 Composite switch equivalent to a Power MOSFET
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Figure 5.11 Schematic diagram of a synchronous Buck converter with composite switch
model

5.3.2  Normal Operating Principle of Synchronous Buck Converter

In general, the conduction of two switches in a synchronous Buck converter is comple-
mentary, but certain dead time should be set between two driving signals to prevent
simultaneous conduction of the switches. When the inductor current is continuous
and positive, according to the equivalent circuit of the synchronous Buck converter in
Figure 5.11, its operating process can be described as follows.

Stage I (¢),¢;)

Main switch S, conducts, inductor L subjects to the voltage which is the difference
between the input voltage V;, and output voltage V,, then the inductor current i;
increases. At the moment of 7, S, is switched off and stage I is over. The equivalent
circuit of this stage is shown in Figure 5.12a.

Stage 11 (¢4, ¢,)

As the inductor current i; is positive after switching off S, it can discharge the parallel
parasitic capacitor C,, of the synchronous switch S, and charge the parallel parasitic
capacitor Cy; of the main switch S, at the same time. The duration of this stage is
extremely short, therefore i; can be considered as constant and the drain-to-source
voltage of S, (v,4,) can be regarded as reducing linearly. When v, reduces to zero,
stage Il is over and its equivalent circuit is shown in Figure 5.12b.

Stage I1I (¢,, £3)

The anti-parallel diode D, will be on after v, is equal to zero, thus the terminal volt-
age of S, will be clamped to zero, thus providing the zero-voltage turn-on conduction
for S,. The equivalent circuit of stage III is shown in Figure 5.12c.
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Figure 5.12 Equivalent circuits of a synchronous Buck converter in normal operating mode:
(a) stage I; (b) stage II; (c) stage IIl or V; and (d) stage IV

Stage IV (53, t,)

When S, conducts at the moment of 5, then i; flows through S, continuously and
reduces linearly due to the inductor L suffering the reverse output voltage —V,,.
This stage is ended when S, is switched off and the equivalent circuit is shown in
Figure 5.12d.

Stage V (¢, t5)

The anti-parallel diode Dy, of S, is freewheeling due to i; being positive. D, will not
shut down until S, is switched on. The equivalent circuit of stage V is the same as that
of stage II1, that is, Figure 5.12c.

The synchronous Buck converter enters another switching cycle after S is turned
on. From the above analysis, typical waveforms of a synchronous Buck converter in
normal operating mode are shown in Figure 5.13.

It is obvious that the synchronous switch S, can achieve ZVS, since its anti-parallel
diode D,, conducts and clamps its terminal voltage to zero before S, is switched on.
However, the main switch S, is still operating in hard-switching state, because the
inductor current i; is still positive and cannot discharge the voltage of C; to zero
after S, is turned off.
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Figure 5.13 Typical waveforms of the synchronous Buck converter in normal operating
mode

5.3.3  Sneak Circuits of Synchronous Buck Converter

As Power MOSFET can flow through a bidirectional current, the inductor current
i; will drop to zero and become negative during the on-state of S,, if the inductor
of the synchronous Buck converter is designed relatively small or some operating
conditions have changed, thus D; will conduct to create the zero-voltage turn-on
condition of the main switch S; [6]. Since the situation that both the main switch §,
and the synchronous switch S, can achieve ZVS only happens in a particular operating
condition, it can be regarded as the sneak circuit phenomenon of the synchronous
Buck converter according to the definition of sneak circuit. In order to distinguish the
case that only S, can realize ZVS from that with both switches, the latter is named as
the ZVS synchronous Buck converter.

The typical waveforms of the ZVS synchronous Buck converter are illustrated in
Figure 5.14, which show that the operating process can be divided into six stages.
Among them, stages I to IV are the same as those of the synchronous Buck converter,
but stage V'’ is different and a new stage VI appears.

Stage V' (t,, t5)

The synchronous switch S, is switched off at the moment #,. As the inductor current
i; is negative, it will charge the parallel parasitic capacitor C,, of S, and discharge
the parallel parasitic capacitor C; of S}, then the drain-to-source voltage of S; (v;)
decreases. When v, drops to zero, stage V' is ended, and its equivalent circuit is
shown in Figure 5.15a.
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Stage VI (¢5, ¢;)

The anti-parallel diode Dy, of S; conducts when v, drops to zero, and the terminal
voltage of S; is clamped to zero, thus S, can also be turned on under zero voltage.
As the inductor voltage is positive, i; begins to increase. This stage is over when S
is switched on. The equivalent circuit of stage VI is shown in Figure 5.15b, which
belongs to a sneak path of the synchronous Buck converter.

Because both the main switch §; and synchronous switch S, can achieve
zero-voltage turn-on in a ZVS synchronous Buck converter, their turn-on switching
loss can be significantly reduced. Besides, due to the fact that anti-parallel capacitors
of §; and S, can keep the voltages across the switches close to zero while the switches
are turned off, that the turn-off switching loss is also very small. Thus the efficiency
of the ZVS synchronous Buck converter has been further improved.

5.3.4  Sneak Circuit Condition of Synchronous Buck Converter

As the ZVS synchronous Buck converter can be considered as the sneak circuit mode
of the synchronous Buck converter, the condition at which the synchronous Buck
converter can achieve ZVS should be derived as well as the sneak circuit condition.
First, the peak-to-peak value of the inductor current is
av. -V
Al = (’"—0) (5.15)
Lf;

where d is the duty ratio of the main switch S}, and f; is the switching frequency of the
converter. Therefore the maximum and the minimum values of the inductor current
are

Looep 4 Ay e Vo) (5.16)

Lmax 0 2 o 2Lfs .
Al awv, -V,

I =] ——==] — 19 5.17

Lmin 0 2 o 2LfY ( )

where 1, is the rated output current of the converter.

From the above analysis, only when the minimum inductor current becomes nega-
tive, that is, I ,;, < 0, ZVS of the main switch S; in the synchronous Buck converter
can be achieved, therefore, according to Equation 5.17, the converter parameters or
operating conditions of the synchronous Buck converter should satisfy the following:

2L, < d(V,, — V) (5.18)

In addition, the dead time between two switches is also a critical condition for the
synchronous Buck converter to achieve ZVS, because sufficient time is required to dis-
charge the parallel capacitor of the switch and make the anti-parallel diode conduct
prior to the channel conduction. Since the dead time is relatively short, the inductor
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current can be regarded as constant and the capacitor voltage is declining approxi-
mately linearly, and the dead times to ensure the ZVS conduction of both switches
are

CSZVin

tdl = t3 _tl Z —— for Sz (519)
Lmax
Csl Vin

td2 = t6 - t4 > for Sl (520)
Lmin

If the parameter condition for ZVS, that is Equation 5.18, has been satisfied,
which means that /;;, <0, then the dead time condition for main switch S, that
is, Equation 5.20, is met with at the same time. Only the dead time condition
for synchronous switch S,, that is, Equation 5.19, should be considered in the
synchronous Buck converter to achieve ZVS.

5.3.5 Simulation Verification of Synchronous Buck Converter

According to Figure 5.11, a synchronous Buck converter with composite switch
model is built in PSIM® to illustrate the above theoretical analysis. The simulation
parameters are input voltage V;, = 48 V, output voltage V, = 19 V, output current
1,=0~5A, switching frequency f, = 200 kHz, inductance L = 4.5 pH, and par-
asitic capacitance C,; = C,, = 920 pF when IRFZ44 is selected as the switches. If
the dead time between two switches is set to f;; = t;,, = 160 ns, it is obvious that
Equations 5.18—5.20 are satisfied, which means that the converter will operate as the
ZVS synchronous Buck converter or the sneak circuit phenomenon will appear.

5. L i
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Figure 5.16 Simulation waveforms of a ZVS synchronous Buck converter when I, =5 A
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Figure 5.17 Simulation waveforms of a ZVS synchronous Buck converter when [, =1 A

Figure 5.16 shows the simulation waveforms at full load (/, = 5 A), in which the
minimum value of inductor current i; is less than zero. It is obvious that the drain to
source voltage of the switch decreases to zero prior to the driving signal reaching a
high level, thus both S, and S, can achieve ZVS. The simulation waveforms at light
load (I, = 1 A) are illustrated in Figure 5.17, from which it is clear that both S| and S,
could operate under ZVS also. Comparing Figure 5.17 with Figure 5.16, the reverse
part of the inductor current was enlarged, thus the switches S| and S, can much easier
achieve ZVS under light load than under full load.

Even though the main switch of a synchronous Buck converter can achieve ZVS
by making use of the reverse inductor current, other types of synchronous DC-DC
converters, such as the synchronous Boost converter, the synchronous Buck-boost
converter, the synchronous Flyback converter, and so on, can achieve ZVS by employ-
ing the same principles, thus the advantages of the synchronous DC/DC converter
could be further promoted. So it is a significant reward to achieve ZVS by using the
sneak circuit paths that exist in the synchronous DC-DC converter.

5.4 Summary

This chapter further illustrates the sneak circuits, which are accidentally introduced
by the designers in the design process, exist in some novel power electronic. However,
the unpredictable affects that are caused by the sneak circuits are not entirely negative,
for example, the synchronous DC-DC converters can achieve ZVS by making use of
the reverse inductor current path. Consequently, analyzing the sneak circuit and its
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efficacy is needed in the converter design process, in order to develop the merits and
avoid the drawbacks of sneak circuits.
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Sneak Circuit Path Analysis
Method for Power Electronic
Converters

6.1 Introduction

Sneak circuit phenomena of a variety of power electronic converters were introduced
in Chapters 2—5, but most sneak circuit phenomena have been found by experiments
or experience. As the power electronic converter contains some switching compo-
nents, which are switched between on-state and off-state at a high frequency according
to certain control rules, the power electronic system is different from conventional
electric or electrical systems, and the existing SCA methods cannot be applied to
power electronic converters directly. Therefore, a sneak circuit path analysis method,
which is suitable for power electronic converters, is required. In this chapter, the topol-
ogy of a power electronic converter is transferred to a graph based on graph theory,
then by using concepts such as the adjacency matrix, connection matrix, and switch-
ing Boolean matrix, all of the current paths including the sneak circuit paths existing
in the power electronic converter can be found.

6.2 Basic Concepts

In this section, some basic concepts on graph theory, which are useful in sneak circuit
path analysis of the power electronic converter, will be briefly introduced based on
references [1, 2].

6.2.1 Directed Graph

Abstract graph G = (V, E), or graph G for short, is composed of sets V and E. The
elements of the finite set V are the vertices (or nodes, or points) of graph G, and are

Sneak Circuits of Power Electronic Converters, First Edition. Bo Zhang and Dongyuan Qiu.
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usually expressed by the numbers 1,2, ... ,n. The elements of the finite set E are the
edges (or lines) of graph G, and are expressed by the vertex pairs, such as (i, j) or (j, i),
where i,j € V, or the edges known as e, e,, ... ,e,.

The vertex connected to the edge is also known as the endpoint of the edge, edge
e and vertex v are associated if vertex v is the endpoint of edge e. Vertices i and j are
adjacent if the edge ¢, = (i,/) that connects vertices i and j belongs to set E, then these
two vertices can be connected by a continuous curve or straight line, and edges ¢, and
e, are adjacent if ¢; and e, have the common endpoint. Obviously, association refers to
the relationships among the different elements, such as vertex v and edge e, while adja-
cency refers to the relationship among the same elements, for example, vertices i and j.

The edge where two endpoints overlap is called the self-loop. If two or more edges
are associated with the same endpoint, then these edges are called parallel edges. The
graph without a self-loop or parallel edge is called a simple graph. Some common
definitions in graphs are listed as follows:

Definition 6.1 Directed graph [1] If the vertex pair (i, j) is ordered, which means
that edges (i, j) and (j, i) are the different elements in edge set E, then the correspond-
ing graph is a directed graph (or digraph), otherwise it is an undirected graph. In the
directed graph, the direction of the edge is represented by an arrow, for the edge (i, j),
vertex i is the starting point, vertex j is the terminal point, and the arrow is pointing
fromitoj.

Definition 6.2 Edge sequence [1] The finite sequence {(i}, i), (i5, i3), ... ,
(ix_1» i)} in a graph is known as an edge sequence with length £ — 1, where k£ > 2.

Definition 6.3 Path [1] If the vertices i,1i,, ... ,i, in the edge sequence
{(iy, i), (i, i3), ..., (i4_y, i)} are all different, then this edge sequence is called a
path with length k — 1. The isolated vertex can be considered as a path whose length
equals zero.

Definition 6.4 Loop [1] In an edge sequence {(i|, i,), (i5, i3), ... , (x_1, ip)}, if i} =
iy, and the other vertices i}, i,, ... , i;_; are all different; this sequence is called a loop
with length k£ — 1.

6.2.2 Adjacency Matrix

Definition 6.5 Adjacency matrix If a directed graph, G = (V, E) has n vertices and
no parallel edges, and the matrix:

A = (@] 6.1)
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Figure 6.1 A directed graph with four vertices

o= { I if the directed edge (/) € E 62

0 if there is no directed edge between vertices i and j

and is named as the adjacent matrix of directed graph G.

Assuming that A® is the k-th power of adjacency matrix A, where k is a positive
integer, then the element aij(k) of A® is the number of the paths with length k between
vertices i and j.

Figure 6.1 is a directed graph with four vertices. According to the Definition 6.5,
adjacency matrix A of Figure 6.1 is expressed by

01 0 1
1 0 1 1
A=lp 0 0 1 6.3)
1 01 0
then
2 0 2 1
) {11 21
A=A-A= 1 0 1 0 —[aij] (6.4)
01 0 2
where
4
agjz) = Z A ay; (6.5)
k=1,k#ij

It is obvious that a; - a;; # 0 if and only if a; = a;; = 1, in other words, there are

(@)

edges from i to k and from k to j, so the value of a;;’ is the number of paths with

i
length 2, which start from vertex i and arrive at vertex j. For example, a(l? = 2 indicates
that there are two paths with length 2 from vertex 1 to vertex 3. From Figure 6.1, it

can be seen that these two pathsare ] - 2 - 3and 1 — 4 — 3.
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6.2.3 Connection Matrix

Definition 6.6 Connection matrix If adirected graph G = (V, E) has n vertices, then
the matrix:

C = [cyluxn (6.6)

where
1 i=j
0 i # j and there is no edge from i to j
2 e, 1% jand there are m edge from i to j

x=1

and is named as the connection matrix of directed graph G.

The element c¢;; in connection matrix C represents the directed paths from vertex i
to j, namely without passing through any other vertex. Assuming that matrix C® is
the k-th power of connection matrix C, where k is a positive integer, the element in

n

C? = C x C is defined by c;.” = ) ey If cuey # 0, which indicates there are
k=1 ki
paths between vertices i and &, k and j, then a path is formed between vertices i and j

via vertex k. So the matrix C? contains the path information of any vertex pair through
one vertex in graph G. Similarly, the matrix C* = C x C x C = C? x C contains the
path information of any vertex pair through two or less than two vertices in graph
G, the matrix C* = C x C x C x C = C? x C contains the path information of any
vertex pair through three or less than three vertices in graph G, and the matrix C*"~1 =
CxCxCx---xC=C"2 xC contains the path information of any vertex pair
through n — 2 or less than n — 2 vertices in graph G. Therefore, all the paths in graph
G can be obtained by calculating the matrix C*~1.

The undirected graph shown in Figure 6.2 is an example showing how to use the
connection matrix C to obtain all paths in the graph. As there are four vertices in
Figure 6.2, matrix C? needs to be calculated.

Figure 6.2 An undirected graph with four vertices
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According to Definition 6.6, the connection matrix C corresponding to Figure 6.2 is

1 € €y 0
e, 1 e O
c=|"! ¥ (6.8)
€y €3 1 €y
0 0 e 1
Then
_1 €q (%) 0 1 €1 €y 0
C2 _ €1 1 €3 0 €y 1 €3 0
o €y €3 1 esllér €3 1 (7
0 0 e 1][0 0 e 1
_1+€1€1+€2€2 €1+€1+€2€3 €2+€2+€1e3 €,€y
_ €1+€1+82€3 1+€1€1+€3€3 €3+€3+€l€2 €36, (69)
- 62+e2+ele3 €3+€3+€1€2 1+€2€2+6’3€3 +e4€4 e4+€4 ’
€€y €36y €y + €4 1+ €46y

According to the definition of element c;; in the connection matrix, the operation
rules of edge can be obtained as follows:

1 + ei = 1
ei + ei = ei
eiei == ei
ei + eiej = ei(l + e]) = ei (610)
Then, Equation 6.9 can be simplified to
1 e +ee; ey+ee; exey
2 _|ertexes 1 e3t+ee, ezey ©6.11)
€2+ele3 €3 +€1€2 1 €4 :
8264 6364 64 1
Similarly,
1 e+ eyes e, +ee; ees+ejezey
e +ee 1 e;+ee, eyeq+eee
C3 = 1 263 3 162 364 16264 (6.12)
e, +ee3 es+ee, 1 ey
€€y + 616364 6364 + €1€6,€y €y 1

From Figure 6.2, there are @ = 6 pairs of vertices in the graph, and the paths

between vertex pair (1, 2) are e, e,e3, those between vertex pair (1, 3) are e,, e;e3,
those between vertex pair (1, 4) are e,ey, €,e3¢e4, those between vertex pair (2, 3)
are ez, e;¢e,, those between vertex pair (2, 4) are esey, €;e,¢4, and the path between
vertex pair (3, 4) is e,. It is found that the elements in C?, that is Equation 6.12, which
represents the paths of any vertex pair through two or less than two vertices, is entirely
consistent with the information in Figure 6.2.
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6.2.4 Switching Function and Transfer Matrix

Definition 6.7 Switching function For graph G, assume that the number of total
paths between vertices i and j is L, and each path is represented by Pg‘), where k =

1,2, ...,LIf Jri(;‘) is defined as the continuous product of all edges in path Pg.‘), then
L
f={m i (6.13)
1 i=j

which is called the switching function between vertices i and j of graph G.

Definition 6.8 Transfer matrix For a graph G with n vertices, the matrix

F = (f)nxn (6.14)

is called the transfer matrix of the graph G. From these definitions, it is known that the
switching function represents paths between two specified vertices, and the transfer
matrix represents the paths between any two vertices, therefore all paths existing in
the graph can be obtained by the transfer matrix.

However, when the scale of a graph is relatively large, there are so many vertices in
the graph that it is difficult and complicated to find all the paths manually. According
to the definition of the connection matrix C, the switching function and transfer matrix
can be obtained by the following theorems:

Theorem 6.1 For a graph G with n vertices, assuming that its connection matrix is
C, then its transfer matrix F can be expressed by

F=CrD (6.15)

Theorem 6.2 Assuming that A;; is the cofactor of element (i, j) in connection matrix
C, then the switching function f;; between vertices i and j can be expressed by

fi = |det Ay (6.16)

ij

It is known that a loop is a special path, but according to the definition of a switching
function, only the paths between two different vertices can be calculated by Theorem
6.2. In Reference [3], it is proven that the loops in a graph can be obtained by the
determinant of connection matrix.

Theorem 6.3 Assuming that the connection matrix of graph G is C, then the abso-
lute value of the determinant of connection matrix C is defined as the generalized
switching function:

Jioop = 1det C| (6.17)
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Taking the graph with four vertices in Figure 6.2 as an example that explains
Theorems 6.1-6.3, based on Theorem 6.1 and Equation 6.12, the transfer matrix of
Figure 6.2 is

1 e+ ee; e, +ee; eyeqt+ejezey
e+ eye 1 es+ee, eseq+eene
cm3: 1 2€3 3 1€2 364 1€2€4 (618)
e, +ee; es+ee, 1 ey
6284 + 613364 €3€4 + 616264 84 1

If we want to obtain the paths between vertices 1 and 4 only, there is no need
to calculate the transfer matrix F, but only the switching function f;,. According to
Theorem 6.2:

€1 1 €3
f14 = |detA14| = 62 €3 1 = 616364 + 8264 (619)
0 0 €4

which is the same as the element ¢, in Equation 6.18.
According to Theorem 6.3, the generalized switching function of Figure 6.2 is

1 € €y 0
_ _ &4 1 €3 0
floop - |dCtC| - e

I S S
0 0 e 1

_ 2020 20,20 2,2
=1+4e;tej+e;+ef+eje; +2ee3e,

(6.20)

It is obvious that the results in Equation 6.20 represent all possible loops in

Figure 6.2. As, all edges in Figure 6.2 are bi-directional, the squared terms belong

to a special loop that passes through the same edge. Therefore, the generalized
switching function is useful in calculating the loops in the graph.

6.2.5 Switching Network and Switching Boolean Matrix

Definition 6.9 Switching network The ideal switch can be considered as a two-
terminal component with “on” and “off” states. Thus, a network, which is composed
of ideal switches only, is called the switching network. Assuming that the ideal switch
is an edge and its terminal is a vertex, then the switching network can be regarded as
an undirected graph Gy.

Definition 6.10 Switching Boolean matrix As the Boolean variable x can be used to
indicate the state of the switch in the switching network, where x = 1 when the switch
is turned on and x = 0 when the switch is turned off, the connection matrix of the
switching network or the undirected graph Gy can be transformed into the switching
Boolean matrix B.
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Obviously, if and only if all the Boolean variables in path Pg.‘) are equal to 1, that is
7% =1, then path PEI.{) is established. Thus, the switching function f;; of the switching

nétwork Gy is also known as the Boolean function, and Boolean algebra should be
used to process the switching function.

Boolean algebra is a mathematical system (g, +, -), which consists of a non-empty
set f and two binary operators “+” (ADDITION) and *“-” (MULTIPLICATION) based

on f. The Boolean algorithm can be concluded as follows:

1. Operators “+” and “.” are exchangeable, that is for a, b € p, there are a + b =
b+aanda-b=0>b-a.

2. Operators “+” and - satisfy the distributive law, that is for a, b, ¢ € f, there are
a+b-c)=(@+b)-(a+c)anda-(b-c)=a-b+a-c.

3. For operators “+ and ““-,” if one of the operating elements is 0 or 1, then for @ € f,
therearea+0=caanda-1=a.

4. Foreachelement a € f, there always exists another element @ € f, which is called
the complementary element of a, and satisfiesa+a =1l and a - a = 0.

Based on the above Boolean algorithm, the switching function of the switching
network can be calculated. A switching network in Figure 6.3 is an example that
explains the calculation process of the switching function. Based on Figure 6.3 and
Definition 6.7, the switching function between vertices 1 and 4 is

J1a = X1 X3X7 + XX4Xg + X[ X5Xg + XXXy + X[ X3XgX4Xg + XpX4X5X3X7

+ Xy XX3X5Xg + X1 X5X4XgX7 (6.21)
: S

Lh

6 Xy

(b)

Figure 6.3 A switching network and its undirected graph: (a) switching network; and
(b) undirected graph
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The Boolean variable corresponding to the switch’s state can be independent or
associated with other switches, if the Boolean variables in Figure 6.3 are assumed
to be

X=X X =X, X3 =V, X =Y, Xs =X, Xg =X, X7 =2, Xg = 2 (6.22)

where x, y, z are independent Boolean variables. Then Equation 6.21 is changed to
Sfia = XyZ + XYz + XyZ + XyZ + Xyyyz + XYYYZ + XYyyZ + XyyyzZ (6.23)
According to the Boolean algorithm, Equation 6.23 can be simplified as
fla =XY7+ XYz +xy7 +XyZ (6.24)

If all the switching variables in the switching network are independent, which means
that all switches can be controlled respectively, then the switching network can be
named a simple contacting network.

6.3 Sneak Circuit Path Analysis Based on Adjacency Matrix

6.3.1 Directed Graph and Adjacency Matrix of Power Electronic
Converter

A power electronic converter generally consists of power supplies, inductors, capac-
itors, resistors, switching components, and so on. The control circuit, which is con-
nected to the control terminal of three-terminal controllable components such as SCR
(semiconductor controlled rectifier), GTO (gate-turn-off thyristor), Power MOSFET
IGBT, is always mutually isolated with the main circuit of the converter. The struc-
ture of the control circuit will be different because of the control function, so the sneak
circuit path analysis of the power electronic converter will be limited to the main cir-
cuit only and the control circuit will not be considered. As a result, the three-terminal
controllable switch can be simplified to a component with two terminals, as well as
the Power diode. If the power source in the power electronic converter is considered
as a special component with a bi-directional current, then a given power electronic
converter can be transferred to a directed graph.

The directed graph G = (V, E) of a power electronic converter is composed of two
finite sets V and E, where the element of vertex set V represents the intersection of
components or a terminal of the component in the power electronic converter, which
is named by number, the element of edge set E is the component in the converter
named by the component symbol, while the direction of the edge is determined by
the current direction of the component on the edge. For the edge with power sup-
ply, inductor, capacitor, resistor, or the switching component with inverse conduction
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Figure 6.4 Boost converter and its directed graph: (a) vertex definition; and (b) directed
graph

properties, it can be indicated by a two-way arrow, because the component current can
flow bi-directionally. For the edge with the diode or the switching component without
inverse conduction properties, it can be indicated by a uni-directional arrow, which
points to the possible flowing direction of the component current.

A Boost converter is taken as an example to explain how to establish the directed
graph of a power electronic converter. The schematic diagram of a Boost converter
is shown in Figure 6.4a, by defining the components in the converter as the edge and
the intersections of the components as the vertices, there are four vertices in the Boost
converter.

By considering the component current direction as the edge direction, the directed
graph of the Boost converter can be obtained as shown in Figure 6.4b.

According to the definition of an adjacency matrix, the adjacency matrix of a Boost
converter is

01 0 1
1 0 1 1
A=lo 0 o 1 (6.25)
1 0 1 0

Based on Equation 6.25, it is known that a;, = 1, a3 =1, a3, =1, and a4y = 1,
so we have a, X a,3 X asy X a,; = 1, which means that the vertex sequence 1-2-3-4
represents one current path in the Boost converter. But the vertex sequence 4-3-2-1
is an invalid current path, because diode D is a uni-directional branch and a;, = 0.
Therefore, all the current paths in the power electronic converter can be described by
a group of vertex sequences and obtained from the adjacency matrix.

6.3.2 Searching Algorithms

By considering the power electronic converter as a graph, then searching the current
paths in the power electronic converter is equivalent to the graph traversal. The com-
mon algorithms for graph traversal include breadth-first search and depth-first search.
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6.3.2.1 Breadth-First Search Algorithm

The process of the Breadth-first search algorithm can be described by the following
steps:

Start from any vertex in the graph, such as vertex i.

Visit the vertices adjacent to vertex i in turn.

Start from these adjacent vertices respectively, and visit their adjacent in turn.
Repeat step (3) until there is no adjacent vertex that has not been visited.

If there are vertices that have not been visited in the graph, choose one of them
as a starting point. Repeat steps (2) to (4) described above, until all vertices of the
graph have been visited.

kW

During the visiting process, if vertices i and j are adjacent, and vertex i is visited
before vertex j, then all adjacent vertices of i must be visited before those of ;.

A graphic process of the Breadth-first search algorithm is shown in Figure 6.5,
where the arrows represent the searching direction, and the numbers beside the arrows
are the searching order. By setting vertex A as the starting point, according to the
Breadth-first search algorithm, the visiting order of vertices is A-B-E-D-C-G-F-H-I.

6.3.2.2 Depth-First Search Algorithm

The Depth-first search algorithm is different from the Breadth-first search algorithm
in its searching routes. It starts from a vertex, and searches the vertices that can be

—O—0
ly‘yy

Figure 6.5 Sketch map of breadth-first search process
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reached as far as possible along a path emitting from that vertex, until there is no
unvisited vertices in that path, then reverses back and continues to search other new
vertices. Then, the process of the Depth-first search is described as follows:

Start from any vertex in the graph, such as vertex i.

Search for the adjacent vertices that have not been visited, and select one to visit.
Repeat step (2) until the vertex being visited has no unvisited adjacent vertices.
Back to the prior vertex that has been visited, select one of its unvisited adjacent
vertices and visit. Repeat step (3).

5. If there are vertices in the graph that have not been visited, select one of them as
the starting point and repeat steps (2) to (4), until all of the vertices in the graph
have been visited.

Ll e

Taking the graph in Figure 6.5 as an example, the searching process of the Depth-
first search algorithm is shown in Figure 6.6, where the solid arrows represent the for-
ward visiting direction, the dotted arrows are the backward visiting direction, and the
numbers beside the arrows are the searching order. By setting vertex A as the starting
point, according to the Depth-first search algorithm described above, the visiting order
of vertices is A-B-C-F-E-G-D-H-I, which is different from the order in Figure 6.5.

Comparing the searching process of the above two algorithms, it is found that the
Breadth-first search algorithm has small time complexity but large space complexity,
so it is suitable for a graph with small vertices depth; however, the Depth-first search
algorithm has large time complexity, but small space complexity, so it is suitable for
a graph with large vertices depth. On the other hand, the Depth-first search algorithm
traverses the graph by paths, which is suitable for searching current paths in power
electronic converters.

Figure 6.6 Sketch map of depth-first search process
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6.3.3 Current Path Search in Power Electronic Converter

Based on the above analysis, all possible current paths in a power electronic con-
verter can be found by using the adjacent matrix and the Depth-first search algorithm.
However, according to the basic circuit principles, there must exist at least one voltage
source or current source in the current path, thus only the paths with voltage or current
source belong to the available current paths.

In a power electronic converter, the power supply and energy storage component,
such as inductor or capacitor, can be considered as the typical power elements, thus
the two terminals of the power element can be set as the start point and the target point
when searching for the current paths. Therefore, all current paths in a power electronic
converter can be obtained by searching for the paths between two endpoints of every
power element. But if one power element is connected in series with another power
element, then a same current path will be searched out twice, thus some modifications
should be made in the current searching method.

A basic step-down RSC converter is an example explaining how to search for the
current paths. The vertex definition and the directed graph of the basic step-down RSC
converter are shown in Figure 6.7.

It is clear that there are three power elements, which are voltage source V;, resonant
tank L,-C,, and output capacitor C, respectively. Since vertices 1 and 5 are the posi-
tive and negative points of the voltage source respectively, a current path with vertex
sequence 1-2-4-3-5 is obtained by searching for paths between vertices 1 and 5. As
vertices 4 and 2 are the terminals of the resonant tank L,-C,, a current path with vertex
sequence 4-3-5-1-2 can be found. Although the start point and the target point of the
above two paths are different, they are, in fact, the same path. In order to avoid redun-
dancy, the power element will be considered as an open circuit after its path searching
work is finished, then this power element will not appear in the paths when searching
for the next power element.

Therefore, in the basic step-down RSC converter, the power elements will be num-
bered at first, for example, as the voltage source V; is #1, the resonant tank L,-C, is
#2, and the output capacitor C, is #3. Then the current paths of each power element

]

2 ey 3
2 — IEL 1
? 5 25 o, l 1
v, —t 4 C []RI

T T

Figure 6.7 Basic step-down RSC converter and its directed graph: (a) vertex definition; and
(b) directed graph
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will be searched in turn. When the searching work for power element #1 has finished,
power element #1 should be an open circuit, which means that the related elements
in the adjacency matrix will be set to zero, that is, a;5 = as; = 0. In the following
searching process, the paths that pass through power element #1 will not appear. Thus
the repeated current path will be effectively prevented in the path searching results;
on the other hand, the searching speed will be improved greatly.

6.3.4 Sneak Circuit Path Judgment in Power Electronic Converter

After finding out all possible current paths in a power electronic converter, some cri-
teria should be used to judge the current paths. If a current path is neither an invalid
current path nor a normal current path, then it belongs to the sneak circuit path.

The invalid current path refers to the path that will not be allowed in the opera-
tion of power electronic converter. In the basic step-down RSC converter shown in
Figure 6.7, the control strategy of switches S| and S, is complementary, therefore the
path including vertex sequence 1-2-3 or 3-2-1 is invalid, because both switches are on
at the same time. After eliminating the invalid current paths, the rest of the possible
current paths are the effective ones.

The normal current paths are the paths that will show up during normal operation of
the converter. Comparing the effective current paths with the normal operating paths,
the effective current path that is different from any normal path is the sneak current
path. During path comparison, the vertex order of the current path to be judged may
not be the same as that of the normal path, for example, the vertex order of path
1-2-4-3-5 and that of 4-3-5-1-2 appear different in Figure 6.7, but they are the same
path in essence. In order to improve the efficiency and accuracy of path comparison,
the vertex shift function, which ensures the current flow and the vertex order of the
path remain unchanged, can be used. If the path to be judged has the same start and
target vertices and the same vertex sequence as the normal path, then this path belongs
to a normal path, not a sneak circuit path.

6.3.5 Sneak Circuit Path Analysis Software Based on Adjacency
Matrix

According to the sneak circuit path searching method of the power electronic converter
described above, the “sneak circuit path analysis software based on adjacency matrix”
has been developed, and its flow chart is shown in Figure 6.8. At first, input the relevant
information of power electronic converter, then call the path searching subroutine to
find out all current paths in the power converter. Next call the path judgment subroutine
to eliminate the invalid paths and normal paths and finally output the sneak circuit
paths.

Because a vertex will not appear repeatedly in a current path, and only the paths
between the start and target vertices of power element need to be searched, three
recursive conditions will be set up in the path searching subroutine:
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1. The searched adjacent vertex does not exist in the temporary saved path.
2. The searched adjacency vertex is not the target point.
3. There are some adjacent vertices that are not visited.

Based on the above conditions, the flow chart of the path searching subroutine is
illustrated in Figure 6.9.

The main function of the path judgment subroutine is to compare the searched cur-
rent path with the invalid current path criteria first; if it is not consistent with any
invalid criteria, then compare it with all normal current paths successively. If it is dif-
ferent from all normal operating paths, it can be concluded that this path is a sneak
circuit path. The procedure of the path judgment subroutine is shown in Figure 6.10.

The three-order step-down RSC converter is selected as an example to explain
the feasibility of “sneak circuit path analysis software based on adjacency matrix.”
The vertex definition of the three-order step-down RSC converter is illustrated in
Figure 6.11, and the corresponding adjacency matrix is expressed by

01 0 0 0 0 01

(6.26)

—_— o oo oo~
SO OO~ —= O
—_—o = O O o~
O —= O = O O =
SO = O = OO
_—_0 oo oo
SO == O OO
ol eNelBeNeolN el

Input relevant information of the power converter:

(1) adjacency matrix;
(2) invalid path conditions;
(3) normal operating paths in vertex sequence;

(4) power elements with their start and target vertices.

¥

Call the path searching subroutine

Y

Call the path judgment subroutine

v

Output sneak circuit paths

Figure 6.8 Flow chart of sneak circuit path analysis software based on adjacency matrix
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| Set power element number x=1 I

—
la &

Get the start vertex 7 and target vertex j

Y

Save i in the temporary path p

Y

Search for the adjacency vertex &

Has k been stored in
path p?

Save k in path p

Is k the same as the vertex target j?

Y

| Back to the last vertex |

Have all adjacency
vertices been visited ?

Set a;=a;=0 in adjacency matrix, and
the power element number as x=x+1

Have all power elements
been searched ?

Figure 6.9 Flow chart of current path searching subroutine
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Set the current path number y = 1

S

s path y satisfied with the
invalid path condition?

Is path y the same as one of
the normal paths?

Have all current paths
been checked?

O

Lkl

Figure 6.11 Vertex definition of a three-order step-down RSC converter
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It is found that there are five power elements in a three-order step-down RSC
converter and their terminals are 1 and 8 for V,,, 2 and 4 for L,, 4 and 5 for C,,
7 and 6 for C,, and 3 and 8 for Cy, respectively. As all of the power elements can
flow in a bi-directional current, there will be ten pairs of vertices needing to be
searched. According to the operating principle of the three-order step-down RSC
converter, there are four kinds of invalid current path, which are 1-2-3, 3-2-1, 4-3-2,
and 4-2-1, and three normal current paths, which are 1-2-4-5-7-6-3-8, 4-2-3-8-6-5,
and 7-4-2-3-8-6.

Input all the above information into the developed software, and four sneak cir-
cuit paths will be obtained, which are 2-3-8-6-5-7-4, 4-5-7-6-3-2, 5-7-4, and 6-5-7.
Combined with Figure 6.11, it is found that the software results are the same as the
experimental results in Section 2.3.1.3.

6.4 Sneak Circuit Path Analysis Based on Connection Matrix

6.4.1 Generalized Connection Matrix of Power Electronic Converter

After transferring the main circuit of the power electronic converter into a directed
graph, if the edge of the graph is named by the components on the edge, that is, element
symbols, then the connection matrix of the power electronic converter is called the
generalized connection matrix C’, where its matrix element c;j is defined by

1, fori=j
o= 0, for i # j, and there is no current path between i and j 6.27)
i~ )element for i # j, andthere are current paths between i and j ’
symbol,

Referring to the directed graph of the Boost converter in Figure 6.4b, the corre-
sponding generalized connection matrix is

1 L 0 v,
L 1 D T
0 0 1 (R+C)

V, 0 (R+C) 1

C = (6.28)

As the current path must be a loop in the circuit, then based on Theorem 6.3, all
possible current loops in a power electronic converter can be found by calculating the
determinant of the generalized connection matrix C’. Thus, the generalized switching
function of a Boost converter is

Jioop = |det C'|

=1-R*-2RC - C*-L*+VLDR+ V,LDC + V,.LT + L*R* + 2L*RC + L*C?
(6.29)
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It is found that there are some terms with squared components in Equation 6.29. The
term with two or more powers can be considered as one kind of special loop in graph
theory, but in fact the current cannot pass through the same component repeatedly, so
the terms with two or more powers must be eliminated from the generalized switching
function. In addition, as each term in the generalized switching function represents a
current loop of power electronic converter, the coefficient of the term only means the
number is the same term in the determinant calculation results and should be unitized
in the final results. Therefore, Equation 6.29 is rewritten as

fioop = RC + V.LDR + V,LDC + V,LT (6.30)

From Equation 6.30, it is found that there are four current loops in the Boost con-
verter, and their equivalent circuits are shown in Figure 6.12. Referring to the analysis
of the Boost converter in Section 3.3, the loops in Figure 6.12 can form different oper-
ating modes of the Boost converter, where normal operating mode (continuous con-
duction mode (CCM)) includes loops V,LT 4+ RC and loops V,LDC + V,LDR, while
the sneak circuit operating mode (discontinuous conduction mode (DCM)) includes
loops V,LT + RC, loops V;,LDC + V,LDR, and loop RC. So it is possible to use a gener-
alized switching function to indicate all current loops in a power electronic converter.

6.4.2 Identification of False Current Loop

The current loop found by the generalized switching function is a combination of com-
ponents in the power electronic converter according to the edge direction in essence.

1, D 1, D
. . PR et r
j O C R v, T c R [] v,
‘ L
. 2 »* =

(d)

Figure 6.12 Current loops in the Boost converter: (a) V,LT; (b) RC; (c) V,LDC; and
(d) V,.LDR
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Figure 6.13 Basic current loops in a power electronic converter

Obviously, there will be some false current loops in the calculation results, which are
unacceptable or impossible during the operation of the power electronic converter.

It is known that the main circuit of a power electronic converter generally includes
voltage source, current source, switching components, capacitor, inductor, resistor,
transformer, and so on. A transformer can be considered as a combination of voltage
source, inductor, capacitor, and resistor according to its equivalent circuit, voltage
source, current source, capacitor, inductor, resistor, and switch belonging to the basic
components of the power electronic converter. By combining the above six basic com-
ponents, there are C} + C: + C; + C; + C; + C¢ = 63 kinds of basic current loops in
a power electronic converter, which are shown in Figure 6.13.

According to Kirchhoff’s voltage law (KVL) and Kirchhoff’s current law (KCL)
[4], the 63 kinds of basic current loops in Figure 6.13 have been verified one by one,
to distinguish false current loops and effective current loops. The principles in identi-
fying the false current paths are listed as follows:

1. A single component cannot constitute a current loop. Thus basic current loops 1-6
are false.

2. The single voltage source, capacitor, inductor, or resistor cannot be shortened by a
switch, while the single current source cannot be opened by a switch. Thus, basic
current loops 11, 15, 18, 20, and 21 are false.

3. If there is a current source existing in the current loop, the current direction should
be consistent with the direction of that current source. For the basic current loop
that includes the current source, for example, loops 7, 12—-15, 22-25, 32-37,
42-47, 52-55, 57, 58, and 60-63, if its current direction is different from the
current source, then the corresponding basic loop is false.

4. If the voltage source or capacitor supplies energy to the resistor only, the current
should flow from the positive point to the negative point of the voltage source or
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capacitor. It is found that there are four kinds of basic current loops, that is, 10, 17,
31, and 40, belonging to this case, so if its current direction is from the negative
terminal to the positive one, then this loop is the false current loop.

Except for the above circuit principles, the operating principles of the power elec-
tronic converter should also be used to identify the false current loops in the calcula-
tion results of generalized switching functions as well. After all false loops have been
eliminated by both circuit principle and converter operating principle, the remain-
ing current loops belong to the effective ones. The effective current loops, which are
used to realize the intended function of the power electronic converter, are the normal
current loops, while the rest of effective current loops are the sneak circuit loops.

6.4.3 Example

In this section, the three-order step-up RSC converter is taken as an example to
explain how to obtain the sneak circuit loops based on a generalized switching
function [5]. The vertices definition of the three-order step-up RSC converter is
shown in Figure 6.14a, and the equivalent directed graph is shown in Figure 6.14b,
in which the arrow indicates the current direction of the component.

According to the definition of the generalized connection matrix of the power elec-
tronic converter, the generalized connection matrix of the three-order step-up RSC

Du! A DI\Z
6 7

b _|_ Bt
Co

\—T R [] :+

Figure 6.14 Three-order step-up RSC converter and its directed graph: (a) vertex definition;
and (b) directed graph
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converter is _

1 S D, 0 0
Dy 1 0 L 0

0 0 1 C, Dy
o-|0 L Ci 10
o 0 0 0 1
o 0 0 C, O
0 0 0 0 0

| Vi Ds, 0 0 Cy

0
0
0
C

r2

C,+R
1

(6.31)

Then all possible current loops of the three-order step-up RSC converter can
be obtained by calculating the generalized switching function, which are listed as
follows:

No 1.
No 2.
No 3.
No 4.
No 5.
No 6.
No 7.
No 8.
No 9.

No 21

No 24.
No 25.
No 26.
No 27.
No 28.
No 29.

No 30.

CrZ*Da2*Dbl*Cr1 >kSl*l)Sl
Cal*Dbl*Dal*Vi
C

2*R

0.

DSZ*S2
L*Cp*Cp* Dy *S*V;
Lr*CrZ *C(JZ *DhZ *DSZ
Lr*Cr2*R*Db2*S1*V'
Lr*CrZ*R*DbZ*DSZ
Lr*col*Dbl*Crl >l<l)s2
No 10.
No 11.
No 12.
No 13.
No 14.
No 15.
No 16.
No 17.
No 18.
No 19.
No 20.

1

1

Lr*Col >l<Db] >i<Crl >I<Sl *Vz
Lr*DaZ*Col >l<D})Z*(jrl >kl)al >kl)Sl *COZ
Lr*DaZ*Dbl*Dal*DSl*CrZ*COZ*R
DaZ*Dbl*Dal*DSl*COZ*DbZ*DSZ
Da2*Db1*Dal*DSl*R*Db2*DSZ
Crl >l<Dal >l<DS] *Lr*COZ*R
Cr2*co2*Db2*Crl >l<Dal *Vi
CrZ*R*DbZ*Crl *Dal*vi
CrZ*Da2*Db1 >X<Crl >X<Sl *DSI*CUZ*R
Cr2*Da2*Db1 >l<Crl *CUZ *R

Sl >l<l)Sl*Cz)Z*R

. Lr*DaZ*Col >l<DbZ*Crl *Dal *DSI *R
No 22.
No 23.

DaZ*Col*DbZ*Sl*DSI*COZ
DaZ*Cnl*DbZ*Sl*DSl*R
Da2 Col*DbZ*C()Z

D, Cal Dbz R

L, C 2¥C,1 %S,

L C2 J#C, *V*Dy,
D Dbl*D Vz Db2 C02
Doy Dy, *Doy*V*Dyy R
Lr*Cr2*Du2*Db1*Dul*Vi*SZ
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No 31. C,i*D *V*L,*S,

No 32. C,,*D,*Dy,*C,1*D, ¥Dg *C,y
No 33. C,,*D,*Dy,*C,*D 4 *Dg; *R
No 34. D,*D,,*C,;*Dy,*D,,*L,*C,,
No 35. DaZ*Dbl *Crl *DSQ*Dbz*Lr*R

No 36. C,,*D %Dy ¥C,1¥D %S,

No 37. Crz*Daz*Dbl*Crl*Dsz*Vi*DSl
No 38. DaZ*Dbl *Crl *Sl >l<Vi*DbZ*Lr*COZ
No 39. DaZ*Db] >l<Cr] *Sl *Vi*DbZ*Lr*R
No 40. Crz*Daz*Dbl*Crl*Sl*Vi*SZ

No 41. §;*V;*S,

No 42. D, *V*Dg; D,*C,y*Dpy*D 1 * Dy
No 43. L,*D ,*D,,*D 1 *Dg, *C,y

No 44. §,%Dg,

No 45. Crl *Dal *DSl *Lr

No 46. Crz*Da2*Dbl*Crl

According to the circuit principle and the operating principles of the three-order
step-up RSC converter, among the above 46 current loops, those required to be elim-
inated include:

1. Dy, is the body diode or anti-parallel diode of S, and cannot conduct while S is in
the on-state. So the loops including Dy, and S, or Dy, and S, need to be eliminated.

2. Voltage source V; will be shortened if S; and S, conduct at the same time. Thus the
loops including S, and S,, or Dg; and Dy, need to be eliminated.

3. D, and D, will make capacitor C,; and voltage source V; short circuit if they
conduct at the same time. Similarly, Dy, and D ,, D, and D,,, D, and D,, should
not be conducted at the same time. Therefore, loops including D,; and D,,;, Dy,
and D,,, D,; and Dy,, or D, and D;, need to be eliminated.

Therefore, it is concluded that there remain 11 effective current loops, which are:

No 3. C,*R

No 5. L,*C,0*C»*Dyy *S,*V;
No 6. L,*Co*Cpp*Dyy*Dyy
No 7. L,*C,o*R*D;»,*S,*V;
No 8. L,*C,,*R*D;,*Dy,

No 9. L *C,*Dy;*C, *Dgy
No 10. L,*C,;*Dy, *C,; *S,*V;
No 26. L,*C,*D,*C,;*S,
No 27. L,*C,,*D,*C,; *V;*Dg,
No 31. C, *D,*V;*L,*S,

No 45. C,*D,1*Dg *L,

e Il i e

p—
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The equivalent circuits of the effective current loops are shown in Figure 6.15, while
Figure 6.15b is made up of loops No. 5 and No. 7, and Figure 6.15¢ is made up of
loops No. 6 and No. 8.

Compared with the equivalent circuits of the high-order step-up RSC converter
in normal operating mode, it is found that stage I in Figure 2.29 is composed
of Figure 6.15fh, stage III is composed of Figure 6.15b,e, and stage II or IV is
Figure 6.15a. The rest of effective current loops are sneak circuit loops, where
Figure 6.15c,d are consistent with Figure 2.30a, and Figure 6.15g,i are consistent
with Figure 2.30b. It is obvious that the sneak circuit loop analysis method based on
the connection matrix is practicable.

6.4.4 Sneak Circuit Loop Analysis Software Based on
Connection Matrix

From the example in Section 6.4.3, all effective current loops in a power electronic
converter, including the normal operating loops and the sneak circuit loops, can be
found by calculating the generalized switching function. If all steps in the sneak cir-
cuit loop analysis process are carried out manually, including defining the generalized
connection matrix, eliminating the false current loops, identifying the normal operat-
ing loops, and determining the sneak circuit loops, then it will be a huge amount of
work for the power electronic converter with a large number of vertices, and it is also
easy to make mistakes. Thus, software should be developed to realize the sneak circuit
loop analysis method automatically.

The flow chart of “sneak circuit loop analysis software based on generalized con-
nection matrix” is shown in Figure 6.16.

Firstly, the schematic diagram of the power electronic converter should be
established by the specialized software, for example, Altium Designer®. Then the
generalized connection matrix of the power electronic converter can be obtained by
transferring the net information produced by Altium Designer®. Next, all possible
current loops in the power electronic converter can be obtained by calculating
the generalized switching function. Based on the operating principle of the power
electronic converter, the false loops can be eliminated and the effective current loops
will remain. Finally, the sneak circuit loops can be found by comparing the effective
loops with the normal operating loops.

6.5 Sneak Circuit Path Analysis Based on Switching Boolean
Matrix

6.5.1 Switching Boolean Matrix of Power Electronic Converter

It is known that the topology of a power electronic converter is composed of
branches, which contain power supplies, inductors, capacitors, resistors, and
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Figure 6.15 Effective current loops of three-order step-up RSC converter: (a) C,,*R;
(b) L*Ca*Dpp*S1*Vi*(Cop+R); (¢) L,*Cry *Diyy*Dp*(Cpp+R); () L*Cp*Dyy*Cy* Dy
© L*Co*Dyy*Coi 8%V (B) LF*Cp*Dpp*Cpr*Syi () LF*Cp*Dip*Co*Vi#Dyys (h)
Cr1*Dy *Vi*L,*S,; and (i) C, *Dy *Dyy *L,
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Input information of power converter:
(1) schematic diagram;

(2) operating principles;

(3) normal operating loops.

'

| Obtain generalized connection matrix |

v

| Calculate all possible current loops |

'

| Eliminate false current loops |

v

| Identify sneak circuit loops |

Figure 6.16 Flow chart of sneak circuit loop analysis software based on the connection
matrix

switching components, and so on. Generally, the branches in a power electronic
converter can be divided into three kinds as follows:

1. For the branch that contains the switching component only, it can be regarded as
the switching branch, and its value is dependent on the state of the switch within
it, where “1” means switch on and “0” means switch off.

2. For the branch that contains only power supply and/or resistor, it can be regarded as
the non-switching branch. This kind of branch can be considered as always being
in the on-state from an electrical point of view, then its value can be marked as “1.”

3. For the branch that contains energy storage components such as inductor and
capacitor, it can be regarded as the generalized switching branch, because its
property is related to the energy storage function of the component in the branch.
If the stored energy in the branch has been released completely, and its stored
energy becomes zero, then the state of the branch can be represented by “0”; if the
stored energy in the branch is not equal to zero, then the state of the branch can
be represented by “1.” If the stored energy is always greater than zero because of
the function of the energy storage component, such as the filter capacitor, then the
state of this branch can be defined by “1,” just like the non-switching branch.

If a power electronic converter contains N switching branches or generalized
switching branches and M non-switching branches, then there will be 2V kinds of
branch state combinations at most, which can be expressed by a Boolean matrix
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Figure 6.17 Branch definition of a Buck converter

with 2V rows and N + M columns. This matrix is known as the complete switching
Boolean matrix B; of a power electronic converter.

The Buck converter is taken as an example to describe how to establish the com-
plete switching Boolean matrix of a power electronic converter. As we know, there
are six components in the Buck converter, where the voltage source V; is in series
with switch S, then V; and S can be considered as a switching branch, diode D also
belongs to the switching branch, inductor L is used to transfer energy, so it can be
considered as a generalized switching branch, and filter capacitor C and load R can be
combined into a non-switching branch. Therefore, there are three switching branches
and a non-switching branch in the Buck converter in total, and commonly the switch-
ing branches should be numbered first. Then the branches of switch S (and voltage
source V;), diode D, inductor L, and capacitor C (and load R) are numbered as 1 to 4,
respectively, which are shown in Figure 6.17.

Due to the Buck converter having three switching branches and one non-switch
branch, and the non-switching branch is always in the conducting state, the Buck
converter has eight kinds of switching states. Thus the complete switching Boolean
matrix of the Buck converter is given by

(6.32)

—_—— == OO OO

—_—— O O = = O O
—_ o = O = O = O
e e e

In theory, every row vector of the complete switching Boolean matrix By cor-
responds to one of the switching states of a power electronic converter. However,
some switching states, which do not coincide with the operating principles of the
power electronic converter or the circuit principle, will not appear, so the row vectors
including any invalid switching states should be deleted. After the invalid row vectors
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are removed from the complete switching Boolean matrix, the rest of the row vectors
correspond to the actual switching states of the power electronic converter, and
they can compose of a new Boolean matrix, named as the valid switching Boolean
matrix B,.

For the Buck converter, according to the basic circuit principle, the voltage source
V; cannot be in short circuit, which means that branches 1 and 2 should not be in
the on-state at the same time. However, as the function of switch § is to provide an
energy storage path for inductor L and the function of diode D is to provide an energy
releasing path for inductor L, this means that the states of branch 3 should be “1”,
while the state of branch 1 or 2 is “1.”

Therefore, after removing the invalid row vectors in the complete switching Boolean
matrix, the valid switching Boolean matrix of a Buck converter is

00 0 1
B,=|{0 1 1 1 (6.33)
1 0 1

The equivalent circuits that are corresponding to row vectors in Equation 6.33
are shown in Figure 6.18. Referring to Section 3.2, all operating modes in a Buck
converter can be described correctly by the switching Boolean matrix, that is,
Equation 6.33.

The Boolean matrix, which is used to express the switching states under normal
operating condition, is known as the normal switching Boolean matrix B,,. If the valid
switching Boolean matrix B, is the same as the normal switching Boolean matrix
B,,, there is no sneak circuit in the power electronic converter. If the row number
of the valid switching Boolean matrix B, is larger than that of the normal switch-
ing Boolean matrix B,,, it means that there are some sneak switching states existing
in the power electronic converter, and the sneak switching Boolean matrix By can
be obtained by eliminating the normal row vectors in the valid switching Boolean
matrix B,.

According to Section 3.2.1, CCM is considered as the normal operating mode of
the Buck converter, so the normal switching Boolean matrix of a Buck converter is

01 1 1
Bn_[l 01 1] (6.34)

Comparing Equation 6.33 with Equation 6.34, the sneak switching Boolean matrix
of the Buck converter can be expressed by

B,=[0 0 0 1] (6.35)

and its corresponding switching state is that branches 1-3 are all off and branch 4 is
on, which is consistent with DCM, that is, the sneak circuit phenomenon of the Buck
converter described in Section 3.2.2.
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Figure 6.18 Equivalent circuits of the valid switching Boolean matrix of a Buck converter:
(a)[0001];(b)[0111];and (c) [101 1]

6.5.2 Invalid Switching Vector Criteria

According to the above analysis, the valid switching Boolean matrix is derived from
the complete switching Boolean matrix by eliminating the invalid row vectors, then it
is important to establish some criteria to judge whether the row vector in the complete
switching Boolean matrix is invalid or not.

It is clear that the switching state, which does not meet the operating principle of
a power electronic converter or basic circuit principle, is defined as the invalid row
vector; normally the invalid row vector criteria include the following four kinds:

1. Short circuit criteria: If the switching state corresponding to the row vector makes
the voltage source or capacitor short circuit, this row vector belongs to the invalid
oW vector.

2. Conducting direction criteria: As power switches and power diodes are semicon-
ductor components, their current direction or conduction direction is unique. If the
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conducting switching branches in one row vector cannot constitute a current path,
then the corresponding row vector is invalid.

3. Switching constraint criteria: For the switching component which has specific
constraint condition, if its switching states are inconsistent with the conduction
condition, the corresponding row vector is invalid.

4. Substring criteria: For the power electronic converter with multiple switching
components, if part of the switching components that are turned on cannot
constitute a current path, the corresponding row vector is invalid, which can be
defined by the substring criteria.

In the complete Boolean matrix of a power electronic converter, if a row vector x =
(x5 X5, ... , x,) with non-zero switching state is the substring of another row vector
y=0, Vs --- ,¥,) With non-zero switching state, that is, the row vector x satisfies
the following equation, then the row vector x is invalid:

D xi=1 andx, <y, (6.36)
i=1
For the Buck converter, based on its operating principle, the invalid switching vector
criteria can be expressed by the following Boolean equations:

byb; =1
biIEiS =1
biZEB =1
bibpb; = 1 (6.37)

wherei=1,2, ..., 8.

If the row elements in the complete switching Boolean matrix By, that is,
Equation 6.32, satisfy with any formula in Equation 6.37, then the corresponding row
vector is invalid. For example, the second row vector [0 0 1 1] in Equation 6.32

should be eliminated because Zilbizblg = 1 is established.

6.5.3 Example

The three-order step-up RSC converter is again selected as an example, to describe
the sneak circuit path analysis process based on the switching Boolean matrix.
Firstly, the branches in the three-order step-up RSC converter should be defined.
As the state of non-switching branch remains at “1”” and will not change during the
converter operation, the columns according to the non-switching branches can be
deleted from the switching Boolean matrixes, in order to reduce the matrix dimen-
sion and simplify the matrix calculation. In the three-order step-up RSC converter,

the branches with resonant inductor L, and switching capacitors C,;, C,;, C,,, and
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Figure 6.19 Branch definition diagram of a three-order step-up RSC converter

C,, can be defined as the non-switching branches based on their function in the con-
verter. Thus, only the switching branches in the three-order step-up RSC converter
will be numbered, as shown in Figure 6.19. The switching branches with switch S,
(including its anti-parallel diode D), S, (including its anti-parallel diode Dy, ), diode
D,, Dy, D, and D,, are defined as branches 1 to 6 respectively. The corresponding

complete switching Boolean matrix becomes a 64 X 6 matrix:

[0 0 0 0 0 O
000 0 0 1
000010
000 0 1 1
000 1 00
B 638)
1 11 0 1 1
1111 0 0
1 111 0 1
1 1 1 110
1 11 1 1 1

According to the operating principle of the three-order step-up RSC converter,
switches S; and S, conduct half of the switching period in turn, so the row vector in
which both branches 1 and 2 are on or off at the same time is invalid.

According to the short circuit criteria, if D, and Dy, D}, and D ,, D, and D,,, or
D, and D;, conduct at the same time, the voltage source or capacitor will be shorted,
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then the row vector in which branches 3 and 4 (4 and 5, 5 and 6, or 6 and 3) are on
at the same time is also invalid. Therefore, the Boolean expressions corresponding to
the above invalid criteria are

bbby =1
Eilzﬂ =1
by =1
bisb;s =1
bisbis =1
bicbiz =1 (6.39)

wherei=1,2, ..., 64.

The valid switching Boolean matrix of the three-order step-up RSC converter can
be obtained by removing the row vectors that meet with Equations 6.36 and 6.39 from
the complete switching Boolean matrix, that is, Equation 6.38, which is

0

0
B,=|;
1

— o = O
S = O =

1
(1) (6.40)
0

O O = -
— o = O

Referring to the normal operating condition of the three-order step-up RSC con-
verter in Section 6.4.3, there are two normal switching states; one is the branches 2,
3, and 5 being on at same time and the other is branches 1, 4, and 6 being on at same
time. Then the corresponding normal switching Boolean matrix is given by

01 1 0 1 0

Ba=11 0 0 1 0 1

(6.41)
and the Boolean expressions used to describe the normal operating condition of
three-order step-up RSC converter are

bilziZEiBbMZiSbm =1
bibibsbiybishis = 1 (6.42)

The sneak switching Boolean matrix can be derived by removing the row vectors
in B,, which satisfy Equation 6.42, that is:

(6.43)

01 0
B, = 1

1 0 1

1 0 0 1 0
From Equation 6.43, it is clear that there are two sneak switching states in the
three-order step-up RSC converter. One is the branches 2, 4, and 6 conducting at same
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Figure 6.20 Equivalent circuits of the sneak switching Boolean matrix of a three-order
step-up RSC converter: (a) [0 1010 1];and (b) [101 0 1 0]

time and the other is branches 1, 3, and 5 conducting at same time, and the row vectors
in B can be transferred to the equivalent circuits shown in Figure 6.20. It is obvious
that the sneak circuit path analysis result based on the switching Boolean matrix is
consistent with that of the generalized connection matrix, and the sneak circuit paths
existing in the converter can be identified directly from the sneak switching Boolean
matrix.

6.5.4 Sneak Circuit Path Analysis Software Based on Switching
Boolean Matrix

As mentioned above, the basic idea of the sneak circuit path analysis method based
on the switching Boolean matrix is to obtain the sneak switching Boolean matrix by
eliminating the invalid and normal row vectors from the complete switching Boolean
matrix, then transforming the sneak switching Boolean matrix to equivalent circuits,
which are the sneak circuits in the power electronic converter.
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When there are only a few switching branches in the power electronic converter,
the dimension of a complete switching Boolean matrix is small and the sneak circuit
analysis can be realized manually, such as with the Buck converter. However, if the
number of switching branches is large, it is impossible to check the property of the row
vector in the complete switching Boolean matrix one by one. As the invalid and normal
switching states can be identified by the Boolean operations, the sneak circuit can be
analyzed by the computer, and the flow chart of “sneak circuit path analysis software”
based on the switching Boolean matrix is shown in Figure 6.21, which includes the
following four steps:

1. According to schematics of the power electronic converter, define the switching
branches and establish the complete Boolean switching matrix. If there are N
switching branches, then the complete Boolean switching matrix will be an N XN
matrix, like Equation 6.44.

2. Based on the operating principle of the analyzed power electronic converter and
basic circuit principle, establish the invalid row vector criteria and the normal oper-
ating conditions in the form of Boolean expression.

0 0 0 1
00 10
0 0 11
0 0 0 0
Bo=| .. (644
11 11
11 0 0
11 0 1
11 10
_1 1 1 l_NXN

3. Check each row vector in the complete Boolean switching matrix, and if the row
vector meets with any Boolean expression established in step (2), then it should
be eliminated, and the remaining row vectors will constitute the sneak switching
Boolean matrix.

4. If the sneak switching Boolean matrix is empty, this means that no sneak circuit
exists in the analyzed power electronic converter; if not, the sneak circuits can be
obtained by transforming the row vectors of the sneak switching Boolean matrix
based on the branch definition of the power electronic converter.
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Establish the complete switching Boolean matrix
of power converter By

Y

Input the invalid switching vector criteria and
normal operating conditions in the form of Boolean
expressions

Is the row vector in B, satisfied by
any Boolean expression?

Save this row vector in the sneak
switching Boolean matrix By

l |

Eliminate this row vector

Is the sneak switching
Boolean matrix B empty?

There is no sneak circuit in the Transform the row vectors in Bg
power converter. to sneak circuit paths

l |

End

Figure 6.21 Flow chart of sneak circuit analysis software based on the switching Boolean
matrix

6.6 Comparison of Three Sneak Circuit Path Analysis Methods

This chapter proposes three sneak circuit path analysis methods of the power elec-
tronic converter based on adjacency matrix, connection matrix, and switching Boolean
matrix respectively. The differences among these three methods are concluded as
follows:

1. The way to describe the topology structure of the power electronic converter is dif-
ferent, with the methods based on the adjacency matrix and the connection matrix
needing to know both the relationship between vertices and the direction of edge or
the property of the component. The method based on the switching Boolean matrix
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only focuses on the property of the branch or component, ignoring the connection
between branches.

2. The form of sneak circuit analysis result is different, and the results based on the
adjacency matrix are several vertex sequences, which need to be changed to cur-
rent paths according to the schematic diagram of the power electronic converter.
The results based on the connection matrix are some strings with a component
name, which are equivalent to the current paths. The results based on the switch-
ing Boolean matrix is a switching vector, which can be converted to the equivalent
circuits based on the branch definition of the power electronic converter.

The common point among these three sneak circuit path analysis methods is that
the normal operating information of the power electronic converter and some invalid
criteria should be obtained in advance, and the correctness of sneak circuit analysis
results depends on the completeness of the normal operating information or the invalid
criteria.

6.7 Summary

Based on graph theory, this chapter introduces three sneak circuit path analysis meth-
ods by using adjacency matrix, connection matrix, and switching Boolean matrix
respectively. These methods can find all of the current paths existing in the power
electronic converter, and then identify the sneak circuit paths according to the operat-
ing principles of the power electronic converter. The advantage of the proposed sneak
circuit path analysis methods is that all of them can be realized by the computer auto-
matically, thus the sneak circuit analysis of the power electronic converter can be
achieved easily.

References

[1] Diestel, R. (2000) Graph Theory, Springer-Verlag, New York.

[2] Bondy, J.A. and Murty, U.S.R. (1976) Graph Theory with Applications, Elsevier Science Ltd,
North-Holland.

[3] Li, J., Qiu, D., and Zhang, B. (2007) Sneak circuit analysis for n-stage resonant switched capac-
itor converters based on graph theory. Proceedings of Annual Conference of the IEEE Industrial
Electronics Society (IECON), pp. 1581-1585.

[4] Budak, A. (1987) Circuit Fudamentals and Applications, Prentice-Hall.

[5] Qu, L., Zhang, B., Qiu, D. et al. (2008) Sneak circuit analysis method based on generalized con-
nection matrix for power electronic converter. Proceedings of 11th International Conference on
Electrical Machines and Systems (ICEMS), pp. 1587-1590.






7

Sneak Circuit Mode Analysis
Method for Power Electronic
Converters

7.1 Introduction

According to the definition of a sneak circuit in power electronic converters and sneak
circuit phenomena described in Chapters 2—5, the occurrence of sneak circuit phe-
nomenon is due to the current flowing through the sneak circuit paths, and the essence
of the phenomenon is a sneak circuit operating mode differing from the normal oper-
ating mode. All sneak circuit paths existing in power electronic converters can be
found by the sneak circuit path analysis method that was introduced in Chapter 6.
But the basic operating unit of the power electronic converter is the equivalent cir-
cuit or sub-circuit at every operating stage. Different operating units or sub-circuits
are switched in a fixed order during each switching cycle according to the designed
control strategy, which constitute the operating mode of the power electronic con-
verter. So it is difficult to know the route of sneak circuit operation or sneak circuit
phenomenon of the power electronic converter will be, even if sneak circuit paths in
the power electronic converter has been discovered.

This chapter intends to discover all of the operating units or sub-circuits that may
exist in the power electronic converter by using some basic graph algorithms [1-3],
and then obtains all operating modes in the power electronic converter by assembling
the operating units based on the operating principles of the power electronic converter
and the switch control strategy. Thereby the sneak circuit phenomenon or sneak cir-
cuit mode in a power electronic converter can be predicted by identifying the normal
operating mode from the available operating modes. In this chapter, the Cik con-
verter is taken as an example, to prove the feasibility of the proposed sneak circuit
mode analysis method.

Sneak Circuits of Power Electronic Converters, First Edition. Bo Zhang and Dongyuan Qiu.
© 2015 John Wiley & Sons Singapore Pte Ltd. Published 2015 by John Wiley & Sons Singapore Pte Ltd.
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7.2 Mesh Combination Analytical Method

This chapter will analyze the sneak circuit modes of a power electronic converter
based on graph theory, as well as Chapter 6, but the power electronic converter will
be considered as a graph made up of several meshes, not paths. Thus, according to
the basic graph algorithms, any operating unit or sub-circuit of the power electronic
converter is composed by connecting different meshes into the piece or sub-graph.

7.2.1 Mesh and Connecting Piece

According to the basic definition of a graph in Section 6.2, the mesh and connecting
piece are defined as follows [1]:

Definition 7.1 Mesh [1] The loop that does not contain an internal loop with an edge
is called a mesh, and the vertex on the loop of the mesh is called the mesh element.

Definition 7.2 Connectivity [1] The graph is called connected, if there is a path
between each pair of vertices in the graph. Intuitively, the unbroken expanse of the
graph is called the connected graph.

Definition 7.3 Connecting piece [1] The connected sub-graph, which has the max-
imum edge number, is called a connecting piece or simply called a piece.

7.2.2  Basic Graph Algorithms

In set theory, there are four types of binary operation, which are AND, INTERSEC-
TION, DIFFERENCE, and RING SUM, indicated by U, N, —, and @ respectively.
The definition of the above four operations are listed as follows:

Definition 7.4 AND operation [1] If S, and S, are two sets, then the AND operation
between S| and S, (i.e., S| U S,) represents the set that includes all the elements only
in S; or S, and the common elements in S, and S,.

Similarly, if G,(V, E;) and G,(V,, E,) are two sub-graphs of graph G(V, E), then
G, U G, represents a sub-graph of G, the corresponding vertex set is V| U V,, and the
edge setis £, U E,.

Definition 7.5 INTERSECTION operation [1] If S| and S, are two sets, then the
INTERSECTION operation between S; and S, (i.e., S| N S,) represents the set that
includes all the common elements in S; and S,.

Obviously, G; N G, is a sub-graph of G, the corresponding vertex set is V, N'V,,
and the edge setis £, N E,.

Definition 7.6 DIFFERENT operation [1] If S| and S, are two sets, then the DIF-
FERENT operation between S, and S, (i.e., S| — S,) represents the set that includes
all the elements only in S; and not in S,.
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Definition 7.7 RING SUM operation [1] If S; and S, are two sets, then the RING
SUM operation between S; and S, (i.e., S; @ S,) represents the set that includes all
the elements, except the common elements of S| and S,.

The RING SUM operation is also called the symmetric difference, because it is the
difference between the AND operation and the INTERSECTION operation of S, and
S,, thatis, S; @ S, =(S; US,) — (S, NS,).

Inference 7.1 Mesh Combination If there is no common element in S| and S,, the
RING SUM operation results of S; and S, are consistent with the AND operation
result. Similarly, if G, and G, are two sub-graphs of G without any isolated vertices,
then G, + G, is the sub-graph that contains all the edges in G, and G,, while G, & G,
is the sub-graph that contains all the edges in G| and G,, except the common edges
of G, and G,.

It is clear from the above definitions that only AND and RING SUM operations are
needed to compose the meshes into connected pieces.

7.2.3  Mesh Combination Method

An undirected graph containing four meshes is shown in Figure 7.1. If the mesh is
represented by the edges of the mesh, then the meshes in Figure 7.1 are defined by
G, ={es,e5}, G, = {e, e3,e5), Gz = {ey,e3,¢4}, G4, = {eg, €7} respectively.

Based on Definitions 7.4 and 7.7, the AND and RING SUM operation results of
meshes G, and G; are G, U G5 = {e,¢,,e3,¢5,¢65} and G, @ G5 = {e}, e,,¢€5,¢4}.
The corresponding calculation results are shown in Figure 7.2.

Theorem 7.1 For a graph G with N meshes, if K meshes (K < N) in graph G are
selected, then there will be K — 1 operators between the K meshes. If the K — 1 oper-
ators are restricted to AND and RING SUM operations, then the number of mesh
combinations is

Mg=Cy  +Cy  +---+Cx ) (7.1)

For instance, take three meshes G, G,, and G, for operation, that is, K = 3, then the
number of mesh combinations is M3 = Cg + C; + C% = 4 according to Theorem 7.1.

Figure 7.1 An undirected graph with four meshes
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€g

(b)

Figure 7.2 Calculation results of G, and G5: (a) G, U Gs; and (b) G, @ G;

The mesh combination results are G; U G, U G4, G; U G, ® G4, G; @ G, U G4, and
G, ® G, & Gy, as shown in Figure 7.3.

Figure 7.3 shows that GiUG, UG, =G UG, @G, and G & G, UG, =G &
G, ® G4, because there is no common edge or element in G; and G,. The correctness
of Inference 7.1 has been proved.

Theorem 7.2 For a graph G with N meshes, the maximum number of mesh combi-
nations is

N
Mmax = Z CI[\gMK (7.2)
K=1

It is know that N = 4 in Figure 7.1, so the maximum number of mesh combinations
is M., = 40. Based on Inference 7.1, some calculation results of Equation 7.2 will
be repeated, suchas G, UG, UGy, GiUG, ® Gy, G, DG, UG,and G, & G, © G,
in Figure 7.3. Then the actual mesh combination results will be less than 40, so we
need to find a way to remove the duplicate mesh combination results.

Figure 7.3 Calculation results of G|, G,, and G4: (a) G; UG, UGy; (b) Gy UG, @ Gy;
©) G PG, UGy ;and (d) G, G, @ Gy
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Figure 7.4 Connecting pieces among G, G,, and G,4: (a) G| @ G,; and (b) G,

Theorem 7.3 For a graph G with N meshes, the number of ways to take K meshes
from the total N meshes in graph G is C[I\f . If there are /; meshes that have no common
elementinthei-thway (i=1,2,3, ... ,C 5), then the number of the connecting piece
is h;, which is defined by

hi=K—1 (7.3)

where /; is the number of common edges among /; meshes. In Figure 7.1, assuming
that K = 3 and G,, G,, and G, are selected, since the common edge of G, G,, and
G, is es, that is, [; = 1, the number of connecting pieces among them is i; = 2, which
are G| @ G, and G, respectively, as shown in Figure 7.4.

Theorem 7.4 Taking /; connecting pieces for AND and RING SUM operations, there
are h; — 1 operators and 2"~! kinds of combination methods. Because the results of
AND operation between the connecting pieces are the same to those of the RING SUM
operation based on Inference 7.1, the recurrence rate of the operation result among #;

connecting pieces is
21
B, = ey (7.4)
Therefore, in the mesh combination result of the ith K meshes, the number of repeated
mesh combinations is

2t -1 1 K1
BMy = == (CY_ +Cp_ +--+CE]) (7.5)
Based on Equatlons 7.4 and 7.5, the recurrence rate of the connecting pieces when
h;=2 is B; = -, and the number of the repeated combinations of the mesh when

Mg=41is BiMK = 5 x4 =2, which is verified by the results in Figure 7.3.

Theorem 7.5 For a graph G with N meshes, the largest number of mesh combinations
is M,,,,, so the number of repeated mesh combinations that need to be eliminated is

(7.6)

i [\42k
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so the number of non-repeated mesh combinations is

N (o

N
2h=1
K 0 1 K—1
M =My —Mp= Y [CE- Y T (CY_ +Ch_ +--+C&hy a7
K=1 i=1

7.3 Sneak Operating Unit Analytical Method

For power electronic converters, a sub-circuit in accord with the certain turn-on and
turn-off control sequence of switching component is called the operating unit. If a
power electronic converter is converted to a graph, then the sub-circuit correspond-
ing to the operating unit might be equivalent to a sub-graph. Based on the mesh
combination method in Section 7.2, the non-repeated mesh combinations obtained
are equal to the sub-graphs, that is, the possible operating units in power electronic
converters.

According to Theorem 7.5, if a power electronic converter has M non-repeated mesh
combinations, this means that this converter contains a maximum of M sub-circuits or
operating units. In these M operating units, the one that does not meet the circuit prin-
ciple or the operating principle of the converter belongs to the invalid operating unit,
and should be eliminated according to the constraint conditions of operating modes.
After removing the invalid operating units, those remaining are called the effective
operating units. In the effective operating modes, those corresponding to normal oper-
ating conditions belong to normal operating units, and the others are named as sneak
operating units.

The Cuk converter is selected as an example to explain how to use mesh combina-
tion algorithms to obtain effective operating units, normal operating units, and sneak
operating units.

7.3.1 Mesh Combination Results of Ciik Converter

According to the schematic diagram, the Cuk converter can be considered to be made
up of four meshes, G, G,, G5, and G,, which are shown in Figure 7.5. If the compo-
nents of the Cuk converter are used to represent the mesh elements, then the meshes
in the Cuk converter are expressed by

G, ={V. L, S}
G, ={S. C,, D}
G;=1{D, C, L,}
Gy ={C, R} (7.8)
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Figure 7.5 The Cik converter and its meshes

According to the AND and RING SUM operations, and Theorems 7.3 and 7.4, the
mesh combination results of a Cik converter, including the number of connecting
pieces h; and the repetition rate B; under various mesh combinations, are listed in
Table 7.1.

It is known that the mesh number of a Cuk converter is N = 4; according to
Theorem 7.5, the maximum number of mesh combination results in a Ctik converter
is M, = 40. Based on Equation 7.7 and Table 7.1, the repeated mesh combination
results that need to be eliminated are M; =7, then the number of non-repeated
mesh combination results or actual sub-circuits in a Cidk converter is M = 33. The
corresponding equivalent circuits of 33 non-repeated mesh combination results are
shown in Table 7.2.

7.3.2  Effective Operating Units of Ciik Converter

In order to eliminate the invalid sub-circuits in the above 33 mesh combination results,
the constraint conditions of a Cik converter should be built by considering the basic
circuit principle and the operating principle of the Cik converter [4—7]:

1. Switch S and diode D cannot be turned on simultaneously, otherwise it will cause
capacitor C, to be short circuit.

2. The currents flow to L; and L, should be zero or non-zero at the same time.

3. Because the capacitance of C is large enough, the capacitor C is always in parallel
with load resistor R.
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Table 7.1 Mesh combination results of the Cdk converter

K The selected mesh Mesh calculation results My l; h; B;
1 G, G, 1 0 1 0
G, G, 0 1 0
G, G; 0 1 0
Gy G, 0 1 0
2 G, G, GUG,, G DG, 2 1 1 0
G, G; G UG;, G DG, 0 2 172
G, G, GUG,, G DGy 0 2 172
G,, Gy G,UG;, G, ®G; 1 1 0
G,, Gy G,UG,, G, DGy 0 2 172
G3, Gy G3UG,, GGy 1 1 0
3 G, Gy, Gy G UG,UG;, G ®GUGs, 4 2 1 0
GIUG,®G;, G, DG, DG,
G, Gy, Gy GIUG,UG,, Gl UG, ® Gy, 1 2 172
Gl @GZUG4, Gl ®G2®G4
G, G;, Gy G UG3UG,, Gy ®G;UG,, 1 2 172
GUG; DG, GGGy
G, G35, Gy G,UG3UGy, G, ®G3;UG,, 2 1 0
GUG @G, G, &G DGy
4 G, Gy, G;,Gy G UG, UG;UG,, 8 3 1 0

G DG, UG3UGy,
GIUG, ®G3UGy,
GIUG,UG; @Gy,
G DG, ®&G;UG,,
G ®G, UG DGy,
GIUG, &G DGy,
GIeG,BG,BG,

The above constraint conditions can be transformed to equations of mesh elements,

which are

S-D=1
L1®L2=1
C-R=0

(7.9)

If the mesh elements in one mesh combination result satisfy at least one of the con-
ditions in Equation 7.9, then the related sub-circuit or operating state is invalid. For
example, the mesh combination result No. 1 in Table 7.2 (i.e. G) is invalid, because
the mesh elements in G, = {V,, L,, S}, satisfy L, @ L, = 1 and C - R = 0. Taking the
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Table 7.2 Equivalent circuits of mesh combination results in the Cik converter

No. Mesh Equivalent circuit No. Mesh Equivalent circuit
combination combination
result result
G
+_
1 Gy 2 Gy s Dy
Ly
3 G; D o 4 Gy
L o]
5 G, UG, 6 G &G,
7 G, UG;or 8 G uUG,or
Gl @ G3 G 1 @ G4
9 G, UG, 10 G, ®G,
11 G,uG,or 12 G3UGy
G2 @ G4
13 G;8G, 14 G,UG,UG;

15 G, ®G,UG, 16 G,UG,® G,

(continued overleaf)
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Table 7.2 (continued)

No.  Mesh Equivalent circuit No.  Mesh Equivalent circuit
combination combination
result result
L C
}_
17 G, ®G,®G, 18 G,UG,UG, %»-. %s ! (.q
or 1
GUG, DG,
L Ly
19 G ®G,UG, 20 GUG3UGy by ds pd oL
or or
G1®G2®G4 Gl@G3UG4
(_,| Lg
[ mAARS
21 GUG; DGy 22 G,UG3UG, L% by o R¢
or
GPG DG,
o] L,
'_
23 G, ®G3UGy 24 GUGBG, | DY R
C, Ly Ly (;' ‘_va:ﬁ
25 GGG, < » 26 G,UG,U v Hs py oLz
L, C, L,
F—
27 28 G®GU v P oL g
G;UG,
L C, Ly
*_(Y'YY'L
29 30 GG, v, Co R
G; UG,
L, Ly
31 GeGuU 2 32 GUG,® 2
Gy DGy G; G,
Ly C L
33 GeG, v ®

Gy @G,y




Mode Analysis Method for Power Electronic Converters 209

mesh combination result #5 as another example, its corresponding mesh set G; U G, =
{V., L, S, Cy, D} satisfies all three conditions in Equation 7.9, so it also needs to be
eliminated. Similarly, by judging the 33 mesh combination results in Table 7.2 one
by one, we eliminate the invalid sub-circuits, then the effective operating units of the
Cuk converter can be obtained, which are:

. G4 (Mesh combination result #4);

. G, UG, ® G3U G, (Mesh combination result #27);
. G, UG, ® G3U G4 (Mesh combination result #28);
. G, ® G, & G3 UG, (Mesh combination result #30).

AW N =

7.3.3  Sneak Operating Units of Citk Converter

Referring to the normal operating mode of the Cuk converter in Section 3.6.1, it is
known that two effective operating units G, UG, ® G; UG, and G; G, UG3 UG,
belong to the normal operating modes, which correspond to when switch S or diode
D is on respectively, and their equivalent circuits are shown in Figure 7.6. Then the
remaining two effective operating units G, @ G, ® G; U G, and G, belong to the
sneak operating units, of which the equivalent circuits are shown in Figure 7.7.

The above analysis shows that all the operating units of a Ctik converter can be found
accurately by using the mesh combination method, then the invalid operating ones can
be eliminated according to the operating principle of the Cik converter. Finally, the
sneak operating units can be distinguished by comparing the effective operating units

v, C) DY C=— R [] v,

()

Figure 7.6 Equivalent circuits of normal operating units of the Ctik converter: (a) normal
operating unit 1 —G, U G, @ G5 U G,; and (b) normal operating unit 2 -G; & G, U G3 U G,
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Figure 7.7 Equivalent circuits of sneak operating units of the Ciik converter: (a) sneak oper-
ating unit 1 —G; @ G, @ G; U G,; and (b) sneak operating unit 2 -G,

with the normal ones. As there are sneak operating units in a Cik converter, it may
contain sneak circuit phenomenon.

7.4 Sneak Circuit Operating Mode Analytical Method

It is well known that the switching components in the power electronic converter
are turned on or off according to a certain control strategy, so the power electronic
converter will operate in different operating units in one switching cycle. Then the
combination of operating units in a fixed order constitutes the operating mode of the
power electronic converter. Apparently, any operating mode of a power electronic
converter is the orderly arranged results of effective operating units.

As all the effective operating units can be obtained by using the mesh combination
method described in Section 7.3, all the operating modes can be found by combining
the effective operating units with the control strategy. Defining the designed or desired
operating mode of the power electronic converter is the normal operating mode, then
the corresponding operating units in the normal operating mode are the normal oper-
ating units, and the corresponding current directions in the normal operating mode are
the normal current directions. Therefore, the operating mode, which differs from the
normal operating modes, is known as the sneak circuit operating mode, and sneak cir-
cuit phenomenon will occur when the power electronic converter works in the sneak
circuit operating mode.

If the current direction of the component is not taken into account and only the
form of sub-circuit is considered, then the operating mode containing any sneak oper-
ating unit is called the sneak circuit phenomenon caused by variations of topology.
If the current direction of the component is taken into account, as well as the form
of sub-circuit, then the operating mode contains a current direction different from the
normal operating conditions, and is called the sneak circuit phenomenon caused by
change in current direction.

This section continues to takes the Cik converter as an example, to illustrate how
to analyze sneak circuit operating modes of the power electronic converter in two
aspects; one is variation of topology and the other is change of current direction.
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7.4.1 Sneak Circuit Phenomenon of Ciik Converter Caused
by Variations of Topology

Theorem 7.6 For a power electronic converter with J switching components S,
S,, ...,S;, the sub-circuit satisfying the control sequence of switching components
is called the operating mode. Thus, there is only one control sequence if all of the J
switches are controllable; there are 2% kinds of control sequence if E switches among
the J switches (i.e. E<=J) are uncontrollable, and each uncontrollable switch only
has on and off conditions.

The Cuk converter has two switching components, which are switch S and diode D,
and D is an uncontrollable component, so it has 2! kinds of control sequences. If “1”
indicates that the switching component is on, and “0” indicates that it is off, and it is
known that the operating state which satisfies S - D =1 (i.e., SD = 11) is invalid, then
the Cuk converter has three operating states, that is, SD = 10, SD = 01, and SD = 00.
Then the above three switch states can comprise two kinds of switch control sequences
in the Cuk converter, as shown in Figure 7.8.

Each switching cycle under switch control sequence 1 contains two switch states,
where the duration of SD = 10 is t,,, or stage I, and the duration of SD =01is T — 1,
or stage II. Each switching cycle under switch control sequence 2 contains three switch
states, there is one more state than control sequence 1, and the duration of SD = 01 is
t, —t,, or stage II, and the duration of SD = 00 is T — ¢, or stage III.

Comparing the effective operating units to the on-off state of switches in the Cuk
converter, the results are shown in Table 7.3.

Referring to the on-off state control sequences in Figure 7.8 and the effective oper-
ating units in Table 7.3, the operating modes of the Cuk converter can be obtained as
follows:

1. Operating mode with the operating units in Figure 7.6a,b, which is the normal
operating mode by referring to the normal operating principle of the Cuik converter
described in Section 3.6.1;

S A S A
! 1 —
> A >
0 I il T t 0 I IE SN T t
DA DA
1 1
> ' >
0 Ik 1 7 r0 I g IE I T t

(@) (b)

Figure 7.8 Switch control sequences of the Cik converter: (a) sequence 1; and (b) sequence 2
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Table 7.3 Relationships between switch state and operating unit of the Cuik converter

Stage State Effective operating unit Figure number
S D
I 1 0 Normal operating unit 1 Figure 7.6a
II 0 1 Normal operating unit 2 Figure 7.6b
I 0 0 Sneak operating unit 1 Figure 7.7a
Sneak operating unit 2 Figure 7.7b

2. operating mode with the operating units in Figures 7.6a,b and 7.7a, which is the
sneak circuit operating mode 1 containing sneak circuit operating unit 1;

3. operating mode with the operating units in Figures 7.6a,b and 7.7b, which is the
sneak circuit operating mode 2 containing sneak circuit operating unit 2.

The equivalent circuits of the above three operating modes are illustrated in
Figure 7.9. It is obvious that all of the operating modes of the Cik converter can be
derived by combining the effective operating units with the switch control sequence,
thus the sneak circuit operating mode with sneak operating units can be distinguished
from the normal operating mode.

7.4.2  Sneak Circuit Phenomenon of Ciik Converter Caused
by Changing of Current Direction

It is known that the currents of power source, inductor, capacitor, resistor, and switch
with reverse conducting properties can flow bi-directionally, while the currents of
diode and switch without reverse conducting properties flow in only one direction. In
the analysis of sneak circuit operating modes when considering the current direction,
the effective operating unit of a power electronic converter can be classified according
to the direction of the current flow in the mesh.

Taking the normal operating unit 1 in Figure 7.6a as an example, it contains three
independent meshes G, G, @ G3, and G,. Among these meshes, G, is a mesh without
any switching component and only consists of passive devices, so G, can be simplified
as a branch, and it is unnecessary to discuss the current direction inside G,. There-
fore, only meshes G, and G, @ G5 need to be considered when investigating the mesh
current direction of normal operating unit 1.

If the current direction of G| and G, @ G5 are considered respectively, according
to the unilateral conductivity of switch S, the direction of mesh current, which is
represented by the inductor current i;; or i;,, is shown in Figure 7.10a. Referring
to the normal operating condition of the Cuk converter in Section 3.6.1, the current
direction 1 in Figure 7.10a is the normal current direction and is also defined as the
positive direction of inductor currents, that is, i;; > 0 and i;, > 0.
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Figure 7.9 Equivalent circuits of operating modes of the Ctik converter: (a) normal operating

mode; (b) sneak circuit operating mode 1; and (c) sneak circuit operating mode 2

If merging G, and G, @ G5 into a connecting piece G, U G, @ G5 and considering
the current direction from the point of view of the connecting piece, as long as the
current of switch S (is) satisfies ig = i;| + iy, > 0, then one of the inductor currents
can be reversed, since the inductor current can flow bi-directionally, but both induc-
tor currents i;; and i;, cannot be negative simultaneously. Thus, another two kinds
of current direction of normal operating unit 1 can be derived, such as the current
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Figure 7.10 Current directions of normal operating unit 1 of the Cik converter when ig =
iry + i, > 0: (a) current direction 1, i;; > 0 and i;, > 0; (b) current direction 2, i;; < 0 and
i;5 > 0; and (c) current direction 3, i;; > Oand i;, <0

direction 2 (i;; < 0 and i;, > 0) shown in Figure 7.10b and the current direction 3
(iy; > 0 and i;, < 0) shown in Figure 7.10c.

Similarly, the mesh current direction of normal operating unit 2 can be obtained,
which shows that there are three kinds of current direction if the diode current
ip satisfying ip =i;; +i;, > 0. As shown in Figure 7.11, the current direction 1
in Figure 7.11a is the normal current direction of the Cuk converter (i;; > 0 and
i > 0), and the other two current directions are the current direction 2 (i;; <0
and i;, > 0) in Figure 7.11b and the current direction 3 (i;; > 0 and i;, < 0) in
Figure 7.11c.

The sneak operating unit 1 in Figure 7.7a contains two independent meshes
G, ®&G,®G; and G,. Since there is no uni-directional component in mesh
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Figure 7.11 Current directions of normal operating unit 2 of the Cuk converter when iy, =
iry + iy, > 0: (a) current direction 1, i;; > 0 and i;, > 0; (b) current direction 2, i;; < 0 and
i;o > 05 and (c) current direction 3, i;; > O and i;, <0

G, ® G, & G5, the mesh current can flow bi-directionally, as shown in Figure 7.12a,b.
It is noted that inductor L; and inductor L, are connected in series, and i;; + i;, =0
should be satisfied when the Cik converter operates in sneak operating unit 1.

For the sneak operating unit 2 in Figure 7.7b, as there is only one independent mesh
G,, as described above, there is no need to classify its current direction. When the Cik
converter operates in sneak operating unit 2, both of the induction currents are zero,
that is, i;; = i;, = 0.

As shown in Figures 7.10—7.12, the current direction in some operating units of
the Cuk converter is not unique, so the current direction should be considered when
combining the operating units in operating mode. As we know, the inductor cur-
rent cannot change suddenly, so the direction of the inductor current will remain
unchanged during the switching moment between two operating units. Therefore, the
possible current directions in each operating mode of the Cik converter are listed in
Table 7.4.
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irts Ir2

(b)

Figure 7.12 Current directions of sneak operating unit 1 of the Cik converter when i;; +
i;5 = 0: (a) current direction 1, i;; > 0 and i;, < 0; and (b) current direction 2, i;; < 0 and
i[>0

From Table 7.4, it is found that if the current direction of the normal operating
unit is different from the normal current direction defined in Figures 7.10a and 7.11a,
according to the definition of sneak circuit operating mode considering the changing
of current direction, even the operating mode with only normal operating units should
be considered as sneak circuit phenomena. Therefore, besides operating mode No. 1
in Table 7.4 belonging to normal operation, the other five operating modes are all
sneak circuit phenomena.

7.5 Results of Sneak Circuit Mode Analysis Method on
Cik Converter

According to the inductor current direction in different operating modes of the Cik
converter shown in Table 7.4, typical waveforms of the inductor current in every oper-
ating mode are gathered in Table 7.5, which are completely consistent with the normal
operating phenomenon and five kinds of sneak circuit phenomena of the Cik converter
in Section 3.6.2. It is obvious that the feasibility of the sneak circuit mode analysis
method presented in this chapter has been verified.
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Table 7.5 Sneak circuit operating modes of the Cuik converter

Stage Phenomenon Typical waveforms
I I I
Vs A
2 1 | —
| i t
i i
Normal operating Tﬂ’/\/_
condition 0 | ! =4
(CCM) . t_/\/
Normal Normal of 1 g m p !
operating operating
unit 1 or unit 2 or
Figure 7.6a  Figure 7.6b
Vs A
? 1 | —
- t
i % . .
3 : T — ! -
Sneak circuit B ’/ i =
phenomenon I . |

Vs A

i i
Sneak circuit T//-\/

phenomenon IT 0 | | ! t

ir2
Y U
U‘ ! i |

I gr T 1

(continued overleaf)
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Table 7.5 (continued)

Stage Phenomenon Typical waveforms
1 II 111
Vo h
— | —
0 i ¢
sl ‘ P B
Sneak circuit 0 ‘ | ="
phenomenon Lo
o 1 5 e
Normal Normal Sneak & e
operating operating operating .
unit 1 or unit 2 or unit 1 or A —
Figure 7.6a  Figure 7.6b  Figure 7.7a 0 i T T4
Sneak circuit
phenomenon
v
Vi kA
— | —
0 ! b t
i1 V\ :
Normal Normal Sneak Sneak circuit — ]
operating operating operating phenomenon V ‘ Lo
unit 1 or unit 2 or unit 2 or (DCM) ”-ET/:_\: _
Figure 7.6a  Figure 7.6b  Figure 7.7b f SR
of 1 40 u iy

CCM, continuous conduction mode and DCM, discontinuous conduction mode.

7.6 Summary

This chapter converts the power electronic converter to a graph, searches for the effec-
tive operating unit or actual sub-circuit of the power electronic converter by using
the mesh combination algorithms of graph theory, obtains all operating modes of the
power electronic converter by taking the on-off control strategy into account, and
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derives the typical waveforms in sneak circuit operating modes by considering the
current direction.

The sneak circuit mode analysis method presented in this chapter is a systematic
method to discover the sneak circuit phenomena in power electronic converters. It
is an effective complement to the sneak circuit path analysis methods in Chapter 6.
The proposed sneak circuit mode method can realize sneak circuit analysis of power
electronic converters accurately, and can be extended to all kinds of power electronic
converters in the future.
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Elimination of Sneak Circuits in
Power Electronic Converters

8.1 Introduction

Based on the definition of a sneak circuit, the sneak circuit of a power electronic
converter is a current path hidden in that converter, which will appear when a specific
parameter condition is satisfied. As a result, the operating stages increase or change
and the energy balance under normal operating mode is destroyed, which will lead
to changes of the converter’s characteristics and so the desired performance of the
converter cannot be achieved. Thus, sneak circuits should be eliminated in the power
electronic converter.

Apparently, the emergence of sneak circuits should satisfy two conditions. Firstly,
there must be potential paths existing in the power electronic converter; if not, the
sneak circuit phenomenon will not occur. Secondly, sneak circuits will appear on spe-
cific operating parameters, but if the converter parameters are designed appropriately
or the converter’s operating conditions are set within normal ranges, then sneak circuit
phenomenon cannot occur. Chapters 2—5 demonstrated the sneak circuit phenomena
in some typical power electronic converters, and proved the correctness of the above
sneak circuit conditions. Therefore, in order to eliminate sneak circuits in power elec-
tronic converters, two methods can be used based on the conditions under which sneak
circuit appear. One is parameter design, which can avoid the emergence of a sneak
circuit through reasonable design and make the converter work in the normal oper-
ating mode. The other is topology improvement, which can cut off the sneak circuit
paths by changing the converter topology based on the characteristics of the sneak
circuit path.

Although the second method can eliminate the hazard of sneak circuits thoroughly,
it may bring about new sneak circuit paths or influence the performance of converter
after changing its topology. So selecting the suitable method to eliminate sneak

Sneak Circuits of Power Electronic Converters, First Edition. Bo Zhang and Dongyuan Qiu.
© 2015 John Wiley & Sons Singapore Pte Ltd. Published 2015 by John Wiley & Sons Singapore Pte Ltd.
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circuits should take into consideration the practical situation of converter. The
method of parameter design can be selected for the converter which has the identified
sneak circuit condition, but for the converter which does not have clear sneak circuit
conditions, the method of topology improvement will be a better choice.

This chapter will demonstrate how to eliminate sneak circuits by taking the (RSC)
converters, Z-source inverters, and Buck (ZVT) (PWM) converter as examples, which
can be used as a reference for other power electronic converters.

8.2 Sneak Circuit Elimination for RSC Converters

8.2.1 Parameter Design Principle

Chapter 2 introduced the normal operating mode and sneak circuit operating mode of
RSC converters in detail and derived the sneak circuit conditions. The characteristics
of basic RSC converters under different modes are summarized in Table 8.1.

The expressions of output voltage, inductor current stress, and capacitor voltage
stress illustrated in Table 8.1 can be used to calculate their specific values after the con-
verter parameters are known. By considering the operating conditions of basic RSC
converters, the results of operating characteristics under different operating modes are
listed in Table 8.2. Compared with the normal operating mode, the sneak circuit mode
leads to a lower output voltage and increases the current and voltage stresses of the
components, which will adversely influence the converter.

For high-order step-down and step-up RSC converters, their sneak circuit conditions
are concluded in Equations 2.67 and 2.88 respectively, and the sneak circuit influence
is similar to that of basic RSC converters. As the RSC converters have identified sneak
circuit conditions, reasonable parameters can be selected or operating conditions can
be restricted to ensure the RSC converter operates under normal operating mode and
avoids the emergence of a sneak circuit.

Table 8.1 Characteristics of basic RSC converters under different operating conditions

RSC Normal operating mode Sneak circuit mode
converter
type Va ILmax VCmax Va ILmax VCmax
Step-d Vi Vi Vily4 L RCLV, V<3 2R Cf)
ep-down — ——m0+ — —_ Vi == .
peoM Y 3R.Crz, 2 4R, Cf. Lodsbi oz Vilg T AR
St 2V Vi v (1+—1 2R, C.f.V, Vi oy
cp-u . —_— . . _— .
p-up i RLCrstr i RLCrf;" L>~r/s"i Zr i
Inverti Vi v (14— 2R, C.L.V. Vi oy
v £ ' 2RLCrstr l 2RL Crf; EresT Zr l
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Table 8.2 Comparison of operating conditions and characteristics of basic RSC converters

RSC converter Mode Condition v, It max V cmax
Normal R, C.f. > ! i < Vi <V
orma 1Cofe > = — < <V
Step-down T4 2V Zgr [
- 1 i i
Sneak t R, Cf, <~ <= >V,
neak circui 1 Cofs ) > 7 ;
Vi
Normal R, Cf, > 1 2V, <= <2V,
Step-up %/r
Sneak circuit R,Cf <1 <2V Z—' 2V,
1 Vi
Normal R, Cfy > = -V <= <2V,
Inverting 2 %/r
Sneak circuit R, C.f, < 1 <=V L 2V,
2 Z,

8.2.2 Topology Improvement Scheme

Based on the sneak circuit analysis of various RSC converters described in Chapter 2,
the common feature of the sneak circuit paths in RSC converters is that the parasitic
diode (or anti-parallel diode) of the power switch conducts and then offers a reversed
current path for the resonant inductor current. The sneak circuit path can be eliminated
by cutting off the reversed current path formed by the parasitic diode. It is found that
the sneak circuit path is different from the normal operating paths in RSC converters,
thus a diode can be added in series with the power switch to ensure that the reso-
nant inductor current cannot pass through the power switch in the reverse direction.
Figure 8.1 illustrates the power switch structure before and after improvement.

By replacing the original power switch in Figure 8.1a by the improved power switch
in Figure 8.1b, an improved RSC converter can obtained, as in Figure 8.2. Compared

S

(a)

Figure 8.1 Structure of the power switch in the RSC converters: (a) before improvement;
and (b) after improvement
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Figure 8.2 The topology of improved RSC converters: (a) high-order step-down; and
(b) high-order step-up

with the traditional high-order RSC converters in Figures 2.19 and 2.27, two diodes are
added, which ensure that the improved RSC converter operate under normal operating
mode, even if the converter parameters satisfy the sneak circuit conditions, but the
hardware cost and the power loss will increase. Furthermore, the improved topology
needs to be evaluated to ensure that all the previous sneak circuit paths have been cut
off and no new sneak circuit will occur.

A three-order step-down RSC converter and a three-order step-up RSC converter
are used to demonstrate the feasibility of the above topology improvement scheme,
by using the generalized connection matrix [1, 2].
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(b)

Figure 8.3 The improved three-order step-down RSC converter: (a) circuit diagram; and
(b) directed graph

8.2.3 Examples
8.2.3.1 The Improved Three-order Step-Down RSC Converter

According to Figure 8.2a, the circuit diagram of the improved three-order step-down
RSC converter is illustrated in Figure 8.3a, and Figure 8.3b is the directed graph of
the improved converter.

Based on the definition of a generalized connection matrix of a power electronic
converter, the generalized connection matrix of Figure 8.3b is

(1S, 0 0O 0 0 0 v,
0 1 S, L. 0 0 0 0
0 0 1 0 0 0 0 C+R
, |0 L, 0 1 ¢ 0 0 0
C=lo o 0 c, 1 0 D 0 @D
0 0 D 0 Dy 1 G 0
0 0 0 Ds 0 C 1 0
'V, 0 G+R 0 0 D, 0 1
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The switching function of Equation 8.1 can be calculated as
F=D,#Ds#C;+C; xSy, %S, %V, +R %S, *S; *V;+C; * R+D, * Ds =
CoxSy*xL *C; +C, Dy %Dy +Dy Dy «C;+D, Dy *« R+Dy *
Ds#C; %«C;*R+Dy%DgxCy % Cp xSy %S, %*V;+Dy%Ds*C; xR x*

S, %S, #V;4+Cy %Dy Dy % Cpx* R4+Cy Dy Dy Cp xSy %S %V,
+Cy*Dy*Dy*R*S; %S «V,+Dy) D3 % C; %S, L, « C; +D, =
Dy C; %S, L, %*R+D,%Ds#Cy%SyxL.%*R+D,%DssDyxDyx
S, %« L, «Ci+Dy Dy« DyxDyxS, L.« R+D, % Ds Dy CpxDy
Ci+D,*Ds*D; #*R*DyxC;+CyxL. %S, %V, %Dy *xC; %D, =
C,+GCyxL, %S, V%D, *«Rx*xD, xC (8.2)

According to the operating principle of the high-order step-down RSC converter,
the invalid current loops in Equation 8.2 can be deleted, which include both S; and
S,, both D, and D,, both D, and Ds, and both D; and D, turning on simultaneously.
Then, the remaining effective current loops are expressed by

F,=Dy #Ds#Cy %Sy * L, xCy+Dy xDg%xCy %Sy L, * R+D, % Dy %
Ci#Sy L, %«Ci+Dy Dy Cy xS, « L, «xR+CyxL. %SV, =
D #Ci Dy Cy+Cy L. %S %V, %D «RxD, %C; +C; %R (8.3)

It is found that the current loops in Equation 8.3 are the same as those in which
C, and G, are charging in series and C; and C, are discharging in parallel, therefore,
there is no sneak circuit path in the improved three-order step-down RSC converter
and the converter can operate normally under any conditions.

8.2.3.2 The Improved Three-order Step-Up RSC Converter

Similarly, the improved three-order step-up RSC converter and its directed graph are
illustrated in Figure 8.4a,b respectively. The corresponding generalized connection
matrix of Figure 8.4b is defined by

1 S D, 0 0 0O 0 v,
o0 1 0 L 0 0 0 S,
0 0 1 C, Dy O 0 0
,lo L ¢, 1 0 C, 0 0
“=lo o 0 o 1 D, o0 C,, (8.4)
0 0 0 C, 0O 1 Dy 0
00 0 0 0 0 1 C,,+R
Vv, 0 0 0 C, 0 Cy,+R 1
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Figure 8.4 The improved three-order step-up RSC converter: (a) circuit diagram; and
(b) directed graph

and the result of switching function is

F=C, %Dy %Dy % V;+CpxR+L %*CpxCp#Dyy*SyV,+L +Cpy
R#Dy Sy« Vi+L, xCy *Dyy *C % S; % V;+Cpy % Cy % Dpy  Cp %
D, % Vi+Cyh s R# Dy C, Dy %V, +Cpy Dy Dyyy x Cpy % Cyy %R
+Dyy # Cop % Dig % Cop +Dyg % Cop % Dy % R+ Ly % Cpy % Dyp % Gy % S,y
+ Dy # Dy % Dy % Vi % Dyy % Cop + Dy 5 Dy % Dy 5 Vi Dy # R+ Ly %
Cpp % Dyp % Dyy s Dy Vi Sy + Cpy % Dyy s Vi s Ly Sy + Dy # Dy + Gy
#S; % Vix Dy L%« Cyy+Dyp Dy xCp %S, %V, %D, x L.« R+Cpy

# Dy % Dy #Cp %S %V, %S, 45, %V, %5,+C, *Dy, = Dy * Cy
(8.5)

According to the operating principle of a high-order step-up RSC converter, the
invalid current 100pS that include SISZ’ DalDbl’ Dleaz, DulDb29 Daszz, or DalDb2
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should be deleted, then the effective current loops are concluded by

F,=Co02 % R+Lr#*Cr2 % Co2 * Db2 % S1 % Vi+ Lr % Cr2 * R * Db2 x
S1 % Vi+Lr % Col % Dbl * Crl % S1 % Vi+ Lr % Cr2 % Da2 * Col *
S2 + Crl % Dal % Vi % Lr % S2 (8.6)

Compared with the effective current loops of the original three-order step-up RSC
converter in Section 6.4.3, the terms in Equation 8.6, that is, all of the current loops
existing in the improved three-order step-up RSC converter belong to those under nor-
mal operating mode, which proves that there is no sneak circuit path in the improved
three-order step-up RSC converter. Thus, the scheme of adding a diode in series with
the power switch makes it feasible to remove the sneak circuit paths from RSC con-
verters completely.

8.3 Sneak Circuit Elimination for Z-Source Inverter

8.3.1 Restricted Operating Conditions

It is known from the sneak circuit analysis of Z-source inverter described in Section
5.2.2, that if the converter parameters or operating conditions, such as load impedance
IZI, inductance L, modulation ratio M, step-up factor B, duty cycle of shoot-through
zero state D, switching frequency f;, and so on, are selected to satisfy the follow-
ing equation, then the sneak circuit phenomenon in which the diode current becomes
discontinuous during the non-zero vector will appear [3]:

LﬂM(%MBcosqb— 1) < D(D = 1)|Z] or %MBcosqﬁ—lsO (8.7)

Therefore, the Z-source inverter has a specific sneak circuit condition, whereby
restricting the operating conditions of a Z-source inverter to make Equation 8.7
invalid, means that the sneak circuit phenomenon of a Z-source inverter will not
appear.

8.3.2 Topology Improvement

If diode D is off when the Z-source inverter operates in the non-zero vector, the DC
voltage source Vp will not connect to the Z impedance network, which means that
the sneak circuit phenomenon occurs. Therefore, if there is a circuit path that connects
the DC voltage source V), with the Z impedance network during the non-zero vector,
the sneak circuit phenomenon will disappear.

As the three-phase inverter in the Z-source inverter has six controllable switches
and nine switching states, it is impossible to describe various switching states of a
Z-source inverter by the adjacent matrix or generalized adjacency matrix. However,
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Figure 8.5 Switching branch definition of the Z-source inverter

if the switch is represented by a switching branch, in which “1” is on behalf of the
on-state and “0” is on behalf of the off-state, then all kinds of switching states in
the Z-source inverter can be described clearly by the switching Boolean matrix. The
definition of the switching branches in the Z-source inverter is shown in Figure 8.5,
where only the switching branches are defined, because the impedance network and
the load belong to the non-switching branches, which are continuously in the on-state.
In Figure 8.5, switching branches 1—6 are numbered according to the conducting order
of the six bridges in the three-phase inverter; in addition, diode D and V. are defined
as the no. 7 switching branch.

According to three kinds of normal operating status in the Z-source inverter pre-
sented in Section 5.2.1, the normal switching Boolean matrix B,, can be expressed by

Sap Scn pr San Scp Sbn D
0 00

)
2)
3)
4
S)) (8.8)
(6)
)
®)
€))

=

Il
— O = = OO O = =
— e O O O OO = = =
—t e O e = OO O =

s J S G U UG VN U

— O = = = = OO

—_— O = OO = = =
— e OO = = = O

where row vectors (1) to (6) correspond to six active vectors of normal operating status
I, row vectors (7) and (8) correspond to two traditional zero vectors of status II, and
row (9) corresponds to the shoot-through zero vector of status III, which is restricted
to the case of a three-phase short-circuit at the same time.

Based on the sneak circuit analysis of the Z-source inverter in Section 5.2.2, only
the sneak circuit status I’ in Figure 5.5a is available, and diode D will turn off when
the diode current i, or input current decreases to zero during the non-zero vectors.
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Figure 8.6 The improved Z-source inverter

Therefore, the sneak circuit can be avoided if the voltage source V- is always con-
nected to the Z-source impedance, except during the shoot-through zero state.

If the diode D is substituted by a fully controlled power switch, which has a reverse
conducting property (i.e., Power MOSFET), then the input current or the original
diode current i, can flow in a bi-directional way. Even when the input current
decreases to zero and becomes reversed, the switch can provide a backward path
for the current by its control signal or anti-parallel diode. Therefore, the improved
Z-source inverter with power switch S,, instead of diode D is illustrated in Figure 8.6.
We need to design the control method of switch §,,, in which switch §,, must be
turned on in the active or traditional zero states, but turned off in the shoot-through
zero state.

According to the normal switching Boolean matrix of the Z-source inverter in
Equation 8.8, the on-state of switch S, is defined by

bil bi25i3zi4zi5 bi6

bil bi2bi3zi4ziszi6

Zil bi2bi3bi4zz’55i6

b = A Dabobibubishis | 8.9)
bybipbisbybsbig

bibibsbubisbi

bibibsbubisbi

bi1bibisbisb;shis

where bj; = b;1b;;b3biyb;sb;s = 1 1is derived from row vector (1) of the normal switch-
ing Boolean matrix B,, which indicates that switch S,, should be turned on when
Sap> Spn> and S, are on (i.e., b;y = by = b = 1) and S, S;,, and S, are off (i.e.,
b;z; = by, = b;s = 0). Similarly, other sub-equations in Equation 8.9 are derived from
row vectors (2) to (8) of Equation 8.8. Therefore, Equation 8.9 corresponds to the
six active states and two traditional zero states of the Z-source inverter, in which the
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Figure 8.7 Simulation results of the improved Z-source inverter with Z = 10 + j0.314Q

switch S, should be turned on. When Equation 8.9 is not satisfied, b;; = 0, which
means that the switch §,, should be turned off. Therefore, the driving signal of switch
S,, can be generated by the driving signals of a three-phase inverter.

When the simulation parameters of the improved Z-source prototype are the same
as those in Section 5.2.3, which are the Z-source impedance with C; = C, = 100 pF
and L; = L, = 50 pH, the modulation factor M = 0.9, the duty cycle of shoot-through
zero vector D = 0.15, the switching frequency f, = 10 kHz, the output frequency
f =50Hz, the input voltage V- =100V, the load Z =10+ ,0.314 Q, and the
load power factor cos ¢ = 0.999, the simulation results of the improved Z-source
inverter in PSIM® are the as shown in Figure 8.7. As the sneak circuit condition of
the traditional Z-source inverter, that is, Equation 8.7, has been satisfied, the sneak
circuit phenomenon will appear in the traditional Z-source inverter, which is shown
in Figure 5.8.

Comparing Figure 8.7 with Figure 5.8, it can be seen that there is no distortion in
both the inverter input voltage v; and the inductor voltage v;, and they are consis-
tent with the normal operating situation illustrated in Figure 5.7. The only difference
between Figures 8.7 and 5.7 is that the input current or the switch current i, are
bi-directional. Therefore, the improvement scheme for the Z-source inverter presented
in Figure 8.6 has been proven to be reasonable.

8.4 Sneak Circuit Elimination for Buck ZVT PWM Converter

The Buck ZVT PWM converter is a soft-switching converter with superior perfor-
mance; however, according to the analysis in Section 4.4, sneak circuit phenomenon
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will affect the soft-switching performance of the Buck ZVT PWM converter, so the
sneak circuit should be eliminated to keep the converter operating under the desired
conditions [4].

It is found that the sneak circuit paths of the Buck ZVT PWM converter are caused
by the paralleled capacitor of the auxiliary switch, but this capacitor belongs to
the parasitic component of the power switch and exists objectively, On the other
hand, its capacitance is decided by factors of the switch, such as current, voltage,
material, craft, and so on. So it is impossible to eliminate the sneak circuit by
restricting the value of parasitic capacitance or removing the parasitic capacitor.
Only the method of topology improvement can be adopted in the Buck ZVT PWM
converter.

By comparing the sneak circuit phenomenon with the normal operating mode of the
Buck ZVT PWM converter in Section 4.4, it is clear that the resonant inductor current
flows in reverse when a sneak circuit appears. As a result, the current-circulation loss
will increase and the efficiency of the converter will decrease. On the other hand, as the
inductor current flows through the anti-paralleled diode of the auxiliary switch, then
the reverse recovery characteristic of diode will lead to some distortions. Therefore,
the target of topology improvement is to cut off the reverse current path of the resonant
current.

8.4.1 Topology Improving Scheme I

According to the above analysis, one of the improving schemes for the Buck ZVT
PWM converter is to change the characteristics of the resonant current path from
bi-directional to uni-directional by adding a diode D; in series with the resonant induc-
tor L,, which ensures that the inductor current flows only in the forward direction.

In order to verify the feasibility of the above scheme, the switching Boolean matrix
is used to analyze the effective current paths existing in the improved Buck ZVT PWM
converter. Because both the main switch and the auxiliary switch can be regarded as
the composite switches with a capacitor and an anti-parallel diode, three different
switching branches are required to describe a composite switch. The schematic dia-
gram of an improved Buck ZVT PWM converter I with switching branch definition
is illustrated in Figure 8.8.

As there are nine switching branches in the improved Buck ZVT PWM converter I,
the corresponding complete switching Boolean matrix will be a 2° x 9 matrix. Based
on the principle of a Buck ZVT PWM converter, the criteria to delete the invalid
switching vectors are listed as follows:

1. Switching constraint criteria: only one switch branch can be turned on among
the three branches in the composite switch. Thus the cases that more than one
switching branches in the main composite switch (S, D,, and C,) or the auxiliary
composite switch (S}, Dy, and Cy;) are turned on simultaneously are invalid.
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2. Short circuit criteria: the invalid cases include that main composite switch (S, D;,
or C,) is turned on with the main diode D simultaneously, or auxiliary composite
switch (S, Dy, or Cy) is turned on with the auxiliary diode D; simultaneously.

3. Conducting direction criteria: the case that S and S|, D and Dy, D; and S, D or D,
are on at the same time belongs to the invalid vector.

4. Substring criteria: the case that S; (or Cy;) and D, are off when D; conducts is
invalid.

By removing the invalid row vectors in the complete switching Boolean matrix, the
remaining row vectors will be the effective ones, and compose of the valid switching
Boolean matrix, that is

N Ds Cr Sl Dsl Csl Dl D DL (Lr)

(00000000 O]
000000O0T 0
001000000
010000000
100000000
000000O0T1 01
00000T100°1

Ba=lo 00100001 (8.10)
001000T1O0°1
001001001
001100001
01 0000T1 01
010100001
010001001
;R

, [ 2 Niﬁh
1“15§Lr

o (-"'Uz; b,
S:DIA\I-..

z s SEP =G []#

Vi C) TR D

Figure 8.8 Switching branch definition of improved Buck ZVT PWM converter I
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According to the definition of switching branches in Figure 8.8, each row vector in
the valid switching Boolean matrix B, that is Equation 8.10, represents a current path,
so there are 14 current paths in the improved Buck ZVT PWM converter I, which are
illustrated in Figure 8.9.

Contrasting the 14 current paths in Figure 8.9 with the normal operating mode of the
original Buck ZVT PWM converter in Figure 4.24, there is no new current path and
reverse inductor current path in the improved Buck ZVT PWM converter I. Therefore,
the improving scheme I, which added a diode in series with a resonant inductor, is
feasible.

8.4.2 Topology Improving Scheme Il

It is known that the purpose of topology improvement for a Buck ZVT PWM con-
verter is to eliminate the opposite inductor current path. According to the schematic
diagram of the Buck ZVT PWM converter with a parasitic capacitor in Figure 4.25,
the reverse inductor current must pass through D, or C;; in the auxiliary switch. If
the auxiliary switch S; becomes uni-directional, then the sneak current path will be
cut off. Therefore, another improved Buck ZVT PWM converter, in which a diode D,
is inserted in series with the auxiliary switch S|, is shown in Figure 8.10.

In this section, a generalized connection matrix is used to demonstrate the feasibility
of the improved Buck ZVT PWM converter 11, and corresponding to the directed graph
in Figure 8.11, the generalized connection matrix of the improved Buck ZVT PWM
converter II is defined by

1 C,+S Cy,+S 0 v,
C,+D, 1 L L 0
= o L 1 0 0 (8.11)
0 L 0 I C+R
v, D D, C+R 1

and the switching function F can be obtained by

F=C %L «xCy+C, L. %S, +D;*D*V;+D*L*«C;+Dx*xL=x%R
+D,*xL %S +D L, *C; +C,*Dx%V,+DgxL, %xC *Cp xR
+C;x*R+L, D #«L*xCi+L, %D *«L*R+C, %S %C;*R+C, *
L«D #«V,+C,%«L*V,%*C;+C. L%V, *R+D*C, % C; xR
+Dg*« S*xCp«R+Dgx L, %Dy %« V;+DgxLxV;*Cy+Dg*L
Vi*R+C,%*S+DxC,+D;*S+C, L. %Cg %C; * R+C, =
L,#S; *C;*R+Dy*L %S *C;#*R+V;*L*xS+*Cr+V,; xL %
S#+R+Cy «L*L %V, %«Ce+Cyy*L*L %V, *R+V,xL %L =
S;#Ce+ V;xL L %S %R (8.12)
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Figure 8.10 The improved Buck ZVT PWM converter I

Figure 8.11 Directed graph of the improved Buck ZVT PWM converter 11

According to the operating principle of the Buck ZVT PWM converter and circuit the-
ory, the false current loop can be deleted and all effective current loops are contained

in the following equation:
F,=C, %L *Cy+C. *L #*S +D*L*(C;+R)+Dg L *§S,
+D L, %«Cyy+C;*R+L. *D; «L*(C;+R)+C, %L, %Dy %
Vi+C. L%V, % (C,+R)+D L. %D %V, +DgxL %V,
Cr+R)+V,; *LxS*(C;+R)+C; x L« L, %V, *(C; +R)
+V,x L. «Lx%S; *(C;+R) (8.13)

Compared with Figure 8.9, 14 terms in Equation 8.13 are consistent with the effec-
tive current paths of the improving scheme I, which demonstrates that the improving

scheme 1II is also feasible.
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Figure 8.12 Simulation waveforms of the improved Buck ZVT PWM converter

8.4.3 Simulation Verification

The correctness of the above improving schemes will be verified by PSIM®. The sim-
ulation parameters of the improved Buck ZVT PWM converter are the same as those
in Section 4.4.3, and a fast recovery diode DSE130-10A is selected as the inserted
diode. The simulation waveforms are shown in Figure 8.12, which include the driving
signal of the main switch S (v,), the driving signal of the auxiliary switch S; (v,), the
resonant capacitor voltage v,, the output voltage V,, and the resonant inductor current
ir,. It is found that there is no difference in the simulation results between improving
schemes I and II, which means that the effect of sneak circuit elimination of the two
schemes are the same.

Compared with the simulation results of the original Buck ZVT PWM converter
in Figure 4.28, the resonant inductor current i;, remains positive, which is consistent
with the normal operating mode, and the correctness of topology improvement for the
Buck ZVT PWM converter has been verified.

8.5 Summary

In order to eliminate the sneak circuit in power electronics converters, this chapter
proposes two methods. One is to restrict the converter parameters or operating condi-
tions in an appropriate range, which do not satisfy sneak circuit condition. The other
is to improve the converter’s topology in order to cut off the sneak circuit paths com-
pletely. The RSC converter, Z-source inverter, and Buck ZVT PWM converter have
been selected as examples to demonstrate the sneak circuit elimination in the power
electronic converter. It is proven that the proposed methods can eliminate the sneak
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circuit effectively and ensure the power electronic converter operates in the designed
way or normal operating mode, which can be applied to other power electronic con-
verters with sneak circuit problems.
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9

Application of Sneak Circuits in
Power Electronic Converters

9.1 Introduction

This book has mainly focused on the sneak circuit phenomena in different kinds of
power electronics converters, analyzed the undesired effects of sneak circuits on con-
verter performance, then introduced some methods to search for and eliminate sneak
circuits. In fact, the existing circuit paths may have a positive effect in a power elec-
tronic converter, if they can be taken advantage of, such as those in the synchronous
DC-DC converters described in Chapter 5. This chapter will discuss how to improve
converter performance, reconstruct converter topology, and design new functions of
the converter without increasing the hardware cost, by making use of the sneak circuit.
In addition, the sneak circuit path analysis method will be applied to diagnosis faults
in the power electronic converter.

9.2 Improvement of Power Electronic Converter Based on Sneak
Circuits

In order to improve the converter performance by taking advantage of sneak circuit
paths, the main idea is to insert some sneak circuit paths into the normal operat-
ing process. Therefore, it is important to choose a useful sneak circuit path and to
combine it with the normal operating paths. This section will attempt to improve the
soft-switching characteristic of the Boost zero-current-transition (ZCT) pulse width
modulation (PWM) converter, by inserting some sneak circuit paths into the operating
process of the converter.

9.2.1 Operating Principle of Boost ZCT PWM Converter

The ZCT PWM converter is a soft-switching converter that uses an auxiliary circuit
to realize zero-current switching (ZCS). A Boost ZCT PWM converter is shown in

Sneak Circuits of Power Electronic Converters, First Edition. Bo Zhang and Dongyuan Qiu.
© 2015 John Wiley & Sons Singapore Pte Ltd. Published 2015 by John Wiley & Sons Singapore Pte Ltd.
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Figure 9.2 Typical waveforms of a Boost ZCT PWM converter

Figure 9.1, and the difference between this converter and the traditional Boost con-
verter in Figure 3.5 is the additional auxiliary circuit, which includes resonant inductor
L,, resonant capacitor C,, auxiliary switch S,, and auxiliary freewheeling diode D,
[1]. The auxiliary switch S, is only turned on before the main switch S is about to
be turned off, in order to make the current of the main switch decrease to zero, thus
the typical operating waveform of the Boost ZCT PWM converter is as shown in
Figure 9.2.

The corresponding process of the Boost ZCT PWM converter can be divided into six
operating stages, and their equivalent circuits are given in Figure 9.3. The following
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Figure 9.3 Equivalent circuits of Boost ZCT-PWM converter in normal operation: (a) stage
I; (b) stage II; (c) stage III; (d) stage I'V; (e) stage V; and (f) stage VI

assumptions should be taken into account before introducing the operating process:

1. All the switches and diodes are ideal devices.
2. The inductance L is large enough to keep the input current /; almost invariable in
one switching cycle.

3. The capacitance of output capacitor C; is large enough to keep the output voltage
V, almost constant in one switching cycle.
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The brief analysis of various operating stages is provided as follows.

Stage I (¢y, ;)

Prior to £, the main switch § is conducting, and the resonant capacitor, C,, is charged
reversely to a certain negative voltage. At f,, the auxiliary switch S, is turned on
and the resonant inductor L, and resonant capacitor C, starts to resonate. Then C,
discharges in reverse, while the resonant inductor current i;, increases in a forward
direction. At the same time, the main switch current i; decreases in a sinusoidal way.
When t = t,, i; decreases to zero and i;,. rises to the input current /;, stage I is ended,
and its equivalent circuit is as shown in Figure 9.3a.

Stage II (¢, t3)

During the time period (¢, #3), L, and C, remain resonant. As i;, keeps rising and
becomes larger than /;, the anti-paralleled diode of the main switch S, D, is turned on
and the condition of zero-current turn-off for S is created. When ¢ = t,, C, discharges
to zero. Owing to t, — t, = %, inwhich T, = 2z4/L,C, is the resonant cycle of L, and
C,, the time to turn off the main switch S should be set at #,.

During the time period (t,, 13), L, and C, remain resonant, i, starts to decrease, and
v, rises from zero. When ¢ = 13, i;, decreases to [;, i; = 0 then D, is shut down, and
the auxiliary switch S, should be turned off at the same time. Then stage Il is over and
its equivalent circuit is as shown in Figure 9.3b.

Stage III (45, ¢4)

Because both switches § and S, are turned off, diode D and auxiliary diode D, will
conduct to provide freewheeling paths for the input current /; and resonant inductor
current i;,.. The resonance of L, and C, continues and i;, keeps decreasing. Assuming
that L, and C, complete half of a resonant cycle at #,, i;, decreases to zero and D, is
off. Stage III is over and its equivalent circuit is as shown in Figure 9.3c.

Stage IV (¢4, t5)

As shown in Figure 9.3d, this stage is identical to that of a traditional Boost converter
when S is turned off and D is on.

Stage V (t5, t5)

When ¢ = 15, S is turned on so D is off, and the input current /; is transferred from S
to D directly. At the same time, L, and C, start to resonate through S and D,,, which
is the anti-parallel diode of the auxiliary switch S,. At the moment of #, L, and C,
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complete half a resonant cycle, that is, g — 5 = %, i;, equals to zero then D, is off,
stage V is over, and its equivalent circuit is as shown in Figure 9.3e.

Stage VI (¢, t7)

This stage is identical to that of the traditional Boost converter when S is turned on.
The equivalent circuit is shown in Figure 9.3f. At the moment of ¢, S, is turned on,
then another switching cycle begins.

From the above analysis, it is obvious that the Boost ZCT-PWM converter can real-
ize zero-current turn-off of the main switch S and zero-current turn-on of auxiliary
switch S,. But when S is turned on, there is current /; flowing through it, which is
hard-switching and will bring about the reversed recovering problems of diode D.
In addition, S, is turned off with hard-switching. Therefore, the switching loss of
the Boost ZCT-PWM converter is relatively large and so it is desirable to achieve
zero-current turning-on and turning-off of the two switches.

9.2.2  Sneak Circuit Paths of Boost ZCT PWM Converter

Before using sneak circuit paths to improve converter performance, the sneak circuit
paths existing in the converter should be found. The following section will analyze
the sneak circuit paths in the Boost ZCT PWM converter by using the switching
Boolean matrix. The definition of all switching branches is shown in Figure 9.4, where
the main switch § (including its anti-parallel diode D,), diode D, auxiliary switch S,
(including its anti-parallel diode D,,), and auxiliary diode D, are defined as switch-
ing branches 1—4 respectively. As the state of the generalized switching branch L,.-C,
is related to the switching branches 2 and 4, it can be regarded as a non-switching
branch, and all non-switching branches need not be numbered in order to simplify the
analysis.

According to the circuit principle and operating principle of the Boost ZCT PWM
converter, S and D, S, and D,, S and D, S,,, and D,, cannot be turned on at the same

L D (3)

Pt
.
= D,4)

Qs Jgge e ol

(1)

Figure 9.4 Switching branch definition of a Boost ZCT PWM converter
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time. In addition, the switches with different current directions cannot be turned on at
the same time. Combined with the above switching constraint conditions, the valid
switching Boolean matrix B, of the Boost ZCT PWM converter can be obtained,
which is

SS, DD,
00 00
00 0 1
0010
00 1 1
B,=[0 1 0 0 ©.1)
01 10
1 000
1 0 0 1
1 100

According to the definition of the switching branch and the equivalent circuits of
normal operating stages shown in Figure 9.3, the normal switching Boolean matrix
B,, of the Boost ZCT PWM converter is

S S, D D,
0010
00 1 1

B.=|\ 0 0 o 9.2)
1 1.0 0

Comparing Equation 9.1 with Equation 9.2, the sneak switching Boolean matrix By
of the Boost ZCT PWM converter is

Q
Q

9.3)

— o0 U
S == O O
c—~cooc U
—_—oc o —=O

By transferring the row vector in By to the equivalent circuit, there will be five
sneak circuit stages in the Boost ZCT PWM converter, and their equivalent circuits
are shown in the Figure 9.5.

9.2.3  The Improved Control Method of Boost ZCT PWM Converter

In order to achieve zero-current turn-on of the main switch S in the Boost ZCT PWM
converter, the input current /; must be transferred to the parallel branch of S before the
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Figure 9.5 Sneak circuits in Boost ZCT PWM converter: (a) stage I'[0 0 0 0]; (b) stage I
[000 1; (c) stage III" [0 1 0 0]; (d) stage IV’ [0 1 1 0]; and (e) stage V' [100 1]

main diode D is off. Therefore, similar to achieving the zero-current turn-off of the
main switch S, the auxiliary switch S, should be turned on before the main switch S
is turned on.

In the same way, the zero-current turn-off of the auxiliary switch S, can be achieved
when the resonant inductor current i;, flows diversely through D,,, the anti-parallel
diode of S, but there should be a current path for i;, to flow through D,,. Based on the
existing current paths in Figures 9.3 and 9.5, it is found that the sneak circuit path in
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Figure 9.6 Typical waveforms of a Boost ZCT PWM converter with improved control
sequence

Figure 9.5d can satisfy the above requirement. Therefore, delaying the turn-off time
of S, can make i;, resonate to zero and then flow through D, in reverse.

According to the above analysis, the improved control method for a Boost ZCT
PWM converter is to make the auxiliary switch S, turn on and off twice in one switch-
ing cycle and extend the on-state time of auxiliary switch S,. The corresponding
waveforms with the improved control sequence are shown in the Figure 9.6 [2]. The
operating process can be divided into 10 stages, which are described as follows.

Stage (tO’ tl)

The main switch § conducts before £, and the auxiliary switch S, is turned on at the
time #,. This stage is the same as the normal stage I in Figure 9.3a.

Stage (¢, 2;)

In this stage, L, and C, remain resonant, the anti-parallel diode D, conducts due to
i, < 0, then S can be turned off with zero-current. This stage is the same as the normal
stage II in Figure 9.3b.
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Stage (tz, t3)

Because S and D, have been turned off but S, still conducts, the resonant current i,
is constant and equal to the input current /;, while the resonant capacitor voltage v,
rises linearly. It is found that the equivalent circuit of this stage is the same as that of
sneak stage I1I" in Figure 9.5c.

Stage (¢3, t5)

Assuming that when ¢ = 13, v, rises to the output voltage V,, and the main diode D
is turned on, L, and C, resonate again and i;, decreases, while the diode current iy,
increases. When ¢ = 1, i;, decreases to zero and then flows in reverse through D,,,
thus the zero-current turn-off of S, can be achieved. When ¢ = 5, half of a resonant
cycle is completed, i;, resonates to zero, and Dy, is turned off then this stage is over,
and its equivalent circuit is the same as that of sneak stage IV’ in Figure 9.5d.

Stage (¢5, £5)

In this stage, S is turned off and D conducts, which is the same as the normal stage IV
in Figure 9.3d.

Stage (t6, t7)

When t = ¢4, the auxiliary switch S, is turned on again, and L, and C, become resonant.
Meanwhile, i;, increases and ij, decreases. This stage is the same as the normal stage
IV in Figure 9.5d.

Stage (¢, t3)

Assuming that i, decreases to zero and i;, increases to /; at 7, if S is turned on at
this moment, zero-current turn-on of the main switch S can be achieved. After S
is turned on, i, increases and i;, decreases. When ¢ = g, i;, decreases to zero and
this stage is ended, whose equivalent circuit is the same as the normal stage I in
Figure 9.3a.

Stage (¢g, Z9)

During this stage, as i;, flows reversely through D,,, the zero-current turning off of S,
can be achieved. When L, and C, finish half a resonance cycle, i;, resonates to zero
again and then D, is off, this stage is over, and its equivalent circuit is the same as
the normal stage V in Figure 9.3e.
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Stage (%o, t19)

Owing to the fact that the resonant capacitor C, is charged in reverse to less than —V/,
the auxiliary diode D, will be turned on and provides a positive current path for ij,.
When ¢ = t,, L, and C, finish another half resonant cycle, i;, is back to zero again,
and D,, becomes off. This stage is over and its equivalent circuit is the same as the
sneak stage V’ in Figure 9.5e.

Stage (¢19, £11)

In this stage, the main switch S is turned on and the main diode D is turned off, which
is the same as normal operating mode VI in Figure 9.3f. Assuming that the auxiliary
switch S, is turned on at ¢, another switching cycle begins.

Synthesizing the above analysis, it is known that both of the main and auxiliary
switches can achieve zero-current turn on and turn off, thus switching loss of the Boost
ZCT PWM converter can be reduced significantly by changing the control sequence
and inserting some sneak stages into the operating process. Therefore, making reason-
ably good use of the sneak circuit path can contribute to improving the performance
of a power electronic converter.

9.3 Reconstruction of Power Electronic Converter Based
on Sneak Circuits

Topology determines the basic performance and operating characteristics of a power
electronic converter. For decades, scholars and engineers have invented a large
number of topologies for converters such as the Cik converter, resonant converter,
soft-switching converter, multi-level converter, Z-source converter, and so on, which
have greatly improved the level and quality of electric energy transformation,
promoted further development of power electronic technology.

However, it is found that the invention of any kind of power electronic converter
largely depends on the inventors’ academic attainment and practical experience, as
a systematic topology construction method for power electronic converters is still
unformed. Furthermore, many typical power electronic converters also need further
improvement and optimization in practical application. For this reason, researchers
usually adopt a try and test method, modify the original topology by adding, deleting,
or removing some components or units, and then testing the performance of the mod-
ified topology. The process of topology reconstruction will be repeated many times
until the performance of the converter meets with the desired requirements. Obviously,
there is no systematic topological modification method to follow.

Therefore, this section will make use of the sneak circuit path analysis method intro-
duced in Chapter 6, and realize the topology reconstruction of a power electronic
converter based on understanding the functions of the effective paths. The Boost ZCT
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PWM converter is also taken as an example, to illustrate how to reconstruct a modified
converter based on sneak circuits.

9.3.1 Structure of Boost ZCT PWM Converter

All of the effective current paths of a Boost ZCT PWM converter can be expressed
by the valid switching Boolean matrix B, in Equation 9.1, where it is found that the
elements of column 2 and column 4 in B, are symmetrical. By exchanging column
2 and column 4, a new Boolean matrix B,,, which has the same row vector as B, in
Equation 9.1, can be expressed by the following:

1 23 4 1 4 3 2
(0 0 0 0] [0 0 0O O]
00 0 1] [01 00
0 0 1 0 0 01 0
0 0 1 1] o1 1 0
B,,=|0 1 0 0[=|0 0 0 1 (9.4)
01 1 0 0 0 1 1
1 0 0 0] [t 0 0 o0
1 0 0 1 1 1 00
1 1.0 0] |1 0 0 1]

In order to transform the new Boolean matrix B,, in Equation 9.4 to a schematic
diagram of power electronic converter, the component on branch 2 (S,) and that on
branch 14 (D,) of the original Boost ZCT PWM converter should be exchanged and
the other branches kept unchanged. The modified topology of Boost ZCT PWM con-
verter is illustrated in Figure 9.7, where diode D, substitutes for the original auxiliary
switch S, and the conducting direction of D, is consistent with the anti-parallel diode
of S,; switch S, substitutes for the original auxiliary diode D, and the anti-parallel
diode of S, keeps the same conducting direction of D,,.

The modified converter in Figure 9.7 and the original converter in Figure 9.1 have
the same row vectors or switching states, therefore the modified Boost ZCT PWM
converter may keep the original function of the Boost ZCT PWM converter.

9.3.2  Performance of the Modified Boost ZCT PWM Converter

Based on the improved control method for the Boost ZCT PWM converter described
in Section 9.2.3, the auxiliary switch S, needs to be turned on before the main switch
S is turned on and turned off, in order to ensure ZCS of the main switch S. Due to the
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Figure 9.8 Typical waveforms of the modified Boost ZCT PWM converter

converter structure having been changed, the turn-off time of S, should be designed
according to the actual operating conditions.

The typical waveforms of the modified Boost ZCT PWM converter are shown in
Figure 9.8 [2], where there are 11 operating stages in one switching cycle, and the
equivalent circuit of each stage is shown in Figure 9.9.

The operating process of the modified Boost ZCT PWM converter can be described
as follows.
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Figure 9.9 Equivalent circuits of the modified Boost ZCT PWM converter: (a) stage I; (b)

stage II; (c) stage III; (d) stage IV; (e) stage V; (f) stage VI; (g) stage VII; (h) stage VIII; (i)
stage IX; (j) stage X; and (k) stage XI

Stage I (¢y, ;)

Before stage I, S is on and D is off, the resonant branch does not work, and v, is kept
at a certain negative value. At the time of £, S, is turned on, and L, and C, are in res-
onance through S and S,. Since the output voltage V, is added on the resonant branch
directly, i;, increases from zero in the negative direction, C, is charged reversely, and
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Figure 9.9 (continued)

i, increases from /;. After half of a resonant cycle, when ¢ = ¢, this stage is ended and
its equivalent circuit is as shown in Figure 9.9a.

Stage II (¢4, t,)

L, and C, continue to resonate, while C, discharges, i;, increases positively from zero
and flows through D, and the anti-parallel diode of auxiliary switch S,. Then S, can
be turned off under zero current after ;. Assuming that i;, = /; and i; = O at 1,, this
stage is ended and its equivalent circuit is as shown in Figure 9.9b.
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Stage III (z,, £3)

In this stage, L, and C, remain resonant, but i;, increases from /; and i, increases
negatively. Then Dy, the anti-parallel diode of main switch § conducts and clamps the
main switch at zero voltage. When ¢ = 3, i, resonates to zero again and D, will be
shut down, thus S should be turned off with zero current in this stage. The equivalent
circuit of stage III is as shown in Figure 9.9c.

Stage IV (3, ¢,)

Because D is still in the off state, input current /; flows through the resonant branch,
that is, i;, = I;. Then C, will discharge linearly, and assuming that v, = 0 at ,, D
becomes conducting. The equivalent circuit of stage IV is as shown in Figure 9.9d.

Stage V (¢4, t5)

In this stage, D is on, i;, continues to decrease until it falls to zero, then D, becomes
turned off. The equivalent circuit of this stage is as shown in Figure 9.9e.

Stage VI (¢5, t;)

The auxiliary circuit stops working as D, is shut down, and the equivalent circuit of
stage VI is as shown in Figure 9.9f.

Stage VII (¢4, t7)

In order to achieve zero-current turn-on of main switch S, the auxiliary switch S, is
turned on again at f¢. As iy, is equal to zero during stage VI, S, is turned on under zero
current conditions. When S, is on, L, and C, begins resonance through D and S,, and
after half a resonant cycle, this stage is terminated and i;, resonates to zero again. The
corresponding equivalent circuit is shown in Figure 9.9g.

Stage VIII (¢, tg)

L, and C, continue to resonate, i;, becomes positive and flows through D,,, then zero
current and zero voltage turn-off of S, can be realized after ¢;. The current passing
through diode D will decrease as i;, increases, when i;, = I; at t5, the diode cur-
rent reduces to zero, then D is off. The equivalent circuit of stage VIII is shown in
Figure 9.9h.
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Stage IX (tg, #9)

If S is turned on at g, because the inductor current cannot change suddenly, the main
switch S realizes zero-current turn-on. After S conducts, i;, declines rapidly down to
zero at ty, D, will be off, and stage IX is over, the equivalent circuit of which is shown
in Figure 9.9i.

Stage X (%, ¢19)

As v, s positive at fy, L, and C, continue to resonate, and i;, flows reversely through
D, and S. When ¢ = ¢, i;, resonates to zero, D, turns off, and this stage is ended, and
the equivalent circuit is shown as in Figure 9.9;.

Stage XI (¢, ¢11)

This stage is consistent with the conventional Boost converter when S is on, and its
equivalent circuit is as shown in Figure 9.9k. As the resonant branch does not work in
stage XI, i;, is zero, then S, will be turned on to begin another switching cycle under
zero current conditions.

From the above operating process of the modified Boost ZCT PWM converter, it
is clear that this converter cannot only realize ZCS of the main switch and auxiliary
switch, but also has the advantage that the peak current of auxiliary switch (i.e., i;,) is
relatively small and the switch time of the auxiliary switch is easy to control, and so
on [2]. These results show that the topology reconstruction method, by making use of
the sneak circuit path analysis method, is feasible, and the good performance of the
original converter can be retained.

9.4 New Functions of Power Electronic Converter Based
on Sneak Circuits

When a power electronic converter operates in the sneak circuit mode, the sneak cir-
cuit phenomenon is not entirely detrimental, such as the zero voltage switching (ZVS)
synchronous Buck converter in Chapter 5. In this section, the Cik converter will be
taken as an example to illustrate how to design a new function — power factor correc-
tion (PFC), by using its sneak circuit operating modes automatically.

9.4.1 PFC Principle of Cuik Converter

Before designing the new functions of a Cuk converter, the properties of the converter
in different operating modes should be analyzed.
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9.4.1.1 Normal Operating Mode

For the normal operating mode illustrated in Figure 7.9a, based on Equations
3.31-3.34 and 3.37, the output voltage of the Cuik converter is V,, = -y _and the

1-d 8
expressions of inductor currents in stage I (0 < ¢ < dT) are
. Ve
ip1 () =1Io; + 7! 9.5)
1
. Ve
i1 () =l + —1 (9.6)
Ly
v, drv, v, drv, g S
where I = TR~ oL Iy = TaR 2L and 7= 1/fis the switching cycle.

The inductor currents in stage I (d7 <t < T) are

. Ved(T - 1)
ip-1 () = Iy L—f a1=3 ©.7)
. d(T —1)
i1 () =1 + Li 0= 9.8)
then, the average inductor currents in normal operating mode are
1 dr T
Iy = T </ Ipi-1 (f)df‘i'/ iLl—l(f)dl‘>
0 dr
dr
1 / Ve / [ Ved(T - z)] >
= = Iy + —l‘ dt + I —|dt
T(o L a "L
2V,
- (L) 9.9)
1
1 T
Iy = ?< Ira- 1(f)dl+/ Ir- 1(t)dl>
1 Ved(T - t)] )
= Iy, + —t dt + / [I dt
T( ” o P LD
- (1 - d) R
_ Y (9.10)
== )

9.4.1.2 Sneak Circuit Operating Mode 1

For the sneak circuit operating mode 1 illustrated in Figure 7.9b, based on Equations
3.31-3.34, 3.49, 3.52, and 3.54, the output voltage changes to V, = %Vg, in which
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A= /Rfi‘i{), and the inductor currents in stage I (0 <t < dT) are
1 2

Vg
iL1—2(t) =10+L_t (911)
1
. Vg
le_z(t) = _IO + L_t (912)

2

The inductor currents in stage Il (dT <t < t,) are

V,dT(t, —1)
it = Ig+ = —2—= 9.13
ip1—2() =1 L, t.—dT ( )
V,dT(t, — 1)
10 o) = =1y + S —X 9.14
i2(0) 0 I, t.—dT ( )
While the expression of the inductor currents in stage IIl (r, <t < T) are
ip1—2() =1y 9.15)
ipn—o(t) = =1 (9.16)

V,dT ( d y)

where [, = — - L—) and ¢, = dT + AT, then, the average inductor currents in
2, 1

sneak circuit operating mode 1 are

1 dT t, T
Iy, = T </ ip1—2 (D) dH‘/ ip1—o(t)dt +/ iLl—z(l)dl>
0 dTr t

X

-1 (/dT 1 +Vgt dt+/tx I +ngT(tx_t) dt+/TIdt>
T \Jo °T L ar L0 Ly t,—dT zx 0
Li+L
=V d'T——= (9.17)
1522

1 dTr t, T
I = T < / i (D dt + / i (Ddt + / iLz—z(t)df)
0 dr ‘

X

-1 /dT bt +Vgt dt+/lx 1 +ngT([x_t) dt+/T( Iy)dt
T \Jo T L ar |0 Ly t,—dT f ’
L,+L
=V, dAT———=
2L,L,
Ly+L
=V, T2
2L,L,

_ Yo 9.18)
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9.4.1.3 Sneak Circuit Operating Mode 2

For the sneak circuit operating mode 2 illustrated in Figure 7.9c, due to I, = 0, the
inductor current expressions change to

rvg
L—t 0<t<drl
1
ins@®=9yVYedl &, -0 . (9.19)
L, t.—dT -7
10 ,<t<T
rvg
L—t 0<r<dr
2
i =yYedl @~ . (9.20)
L, t.—dT -7
10 ,<t<T

When d = AILi, the Cuk converter will work in sneak circuit operating mode 2 and
1

the output voltage is V,, = %Vg, the average inductor currents in this mode are
1

V. V, (L \?>
3= —dt. =22 9.21
L1-3 2L1 X R <L1 > ( )
V V, L Vv
Iy 3=—di,=-=22=22 9.22
12-3 2L2 X R L] R ( )

Synthesizing Sections 3.6 and 7.5 and the results of the average inductor currents
presented above, the properties of the Cik converter operating in different modes are
illustrated in Table 9.1. According to the structure of the Cuk converter, it is known
that the average value of the input current of the converter is equal to that of inductor
current /;;, and the average value of output current is equal to that of the inductor
current /5.

Table 9.1 shows that whichever operating mode the Cik converter works in, its
average value of input current /; is always proportional to the input voltage V, when
the circuit parameters and operating conditions are determined. Therefore, the Cik
converter can realize the function that the input current follows the input voltage auto-
matically without any current control loop. At this moment, the power factor of the
Cuk converter is theoretically a unit, which means that this converter inherently has
ideal PFC properties.

Further research shows that due to the average input current equal to

1-d
converter remains constant, I;; cannot follow the input voltage V, linearly when the
load resistance R changes. While in sneak circuit operating mode 1, the average input

2
I, = < d ) % in normal operating mode, even if the duty cycle d of the Cik
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Table 9.1 The properties of a Ctk converter under different operating modes

Operating Phenomenon Average Average Output The range of d
mode input output voltage V,
current current
(Up1) (1)
Normal operation 2V
Normal Sneak circuit < d ) -8 % d v d>1-24
operating phenomenon I 1-d/ R R 1-d ¢
mode Sneak circuit
phenomenon 11
Sneak circuit L +L, d
Sneak circuit phenomenon I ngzT— =V, d<1-21
. e 2L,L, A
operaing  Speak circuit
mode 1 phenomenon IV
Sneak circuit o L,\*V, L, L,
operating Sneak circuit <L_> X L—Vg d= /lL— <l-2
mode 2 phenomenon V 1 1 1
C 2L Lof
Note: 4 = \/R(L1+L2).
currentis I;; = ngzTé‘LLle, which is not related to the load R, therefore it can ensure
1
that 1;; can follow V, linearly with a fixed d. Although the duty cycle d in sneak
— . . . v, 2
circuit operating mode 2 is not related to the average input current /;; = f(%) ,
1

the relationship between 7, and V, is also influenced by the load R. Comparing these
three operating modes of the Cuk converter, the sneak circuit operating mode 1 is
most suitable to realize PFC function.

Therefore, if the Cik converter works in sneak circuit operating mode 1 and the duty
cycle dis set to a fixed value, the PFC function, which means that the input current fol-
lows the input voltage, can be realized automatically without any input current control.

9.4.2 PFC Implementation of Ciik Converter

According to the above analysis, the schematic diagram of a Ctik PFC converter based
on sneak circuit is illustrated in Figure 9.10, where v;, is the input ac voltage and v,
is the drive voltage of switch S, which determines the duty cycle d.

From Table 7.4, it is known that when the Cuk converter works in sneak circuit
operating mode 1, the inductor current can be divided into two situations. One is that
inductor current iy, is always greater than zero; and the other is that inductor current
ir; is also always greater than zero. Because i;; is equivalent to the input current of
the Cuk converter, in order to ensure i;; is consistent with the rectified input voltage
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Figure 9.10 A Cuk PFC converter based on a sneak circuit

|v;, |, the converter should work under the conditions that i; | is always positive, that is,
with sneak circuit phenomenon IV, as illustrated in Table 7.5. Referring to Equation
3.55, the operating conditions of a Cik PFC converter should be

L
I2<d<1-2 (9.23)
L
The corresponding range of output voltage is
L, d 1-4
=V, <V, ==V, < ——V, 9.24
Ll m o ﬂ 1243 A, mn ( )

where V,, is the root-mean-square (RMS) value of the input voltage.

The proposed Cik PFC converter in Figure 9.10 will be verified by simula-
tion results in PSIM®. The simulation parameters are v, = 2204/2sin(10077),
L, =24mH, L, =0.15mH, C, =0.82 pF, C =330 pF, R =100 Q, f = 50 kHz,
and A =0.3757. According to Equation 9.23, the range of the duty cycle is
0.023 < d < 0.625. The open-loop control is used and d =0.3 is set, thus
V,= %Vin = 175 V. The simulation results are illustrated in Figure 9.11, which show
that the phases of input voltage v;, and input current i,, of the ac side are almost the
same and the shape of i;, is approximate to sine waves. The inductor current i;; is
always greater than zero and the output voltage V,, is 175V, which is well consistent
with the analytical value. At this moment, PF = 0.991, and the total harmonic
distortion (THD) value of the input current i;, is THD = 13%, which verifies the
feasibility of the designed Cuk PFC converter.

From the simulation results, the Ctik PFC converter has the following merits, when
compared to the traditional Boost PFC converter:

1. The input current follows the input voltage automatically, so the PFC function can
be achieved without any current loop control. The control circuit of the Ciik PFC
converter is relatively simple, as only fixed duty cycle and switching frequency are
needed.

2. The output voltage is larger than the input voltage in the Boost PFC converter, while
the Cik PFC converter can boost or buck the output voltage only by selecting the
suitable circuit parameters and its output voltage range is relatively wide.
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Figure 9.11 Simulation waveforms of a Cik PFC converter

3. The switch S operates with zero-current turn-on and the diode D operates with
zero-current turn-off in the Ciak PFC converter, based on the sneak circuit, which
will reduce the switching loss.

4. The ripple of the input current in the Cik PFC converter is small, so it is suitable
for the situation that has the higher requirement of the current ripple.

In addition, the idea that uses the sneak circuit to realize the PFC function can also
be applied to isolate the Cik converter and Sepic converter [3]. The isolated Cik
PFC converter and Sepic PFC converter have more advantages, such as that the power
supply can be isolated from the load and the range of the ratio between input voltage
and output voltage is wider.

In short, based on the nature characteristics of the sneak circuit, some new functions
of a power electronic converter will be realized when the converter operates in sneak
circuit mode. This means that sneak circuits can be made good use of under certain
conditions.

9.5 Fault Analysis of Power Electronic Converter Based on Sneak
Circuits

The failure of the power electronic converter often refers to the failure of the main
circuit, and 90% of failures are due to the damage of the switching components, such
as short circuit or open circuit. When a sneak circuit occurs, it looks like a short-circuit
or open-circuit of some switching components, and causes the converter topology to
change. Thus it is possible to apply the sneak circuit path analysis method to fault
diagnosis and fault identification of the power electronic converter.
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Figure 9.12 Diode-clamped three-level HB inverter and its directed graph: (a) schematic
diagram; and (b) directed graph

The next section will take a diode-clamped three-level half-bridge (HB) inverter
as an example, extract typical fault characteristics by using the directed graph and
adjacency matrix of power electronic converter, and then realize fault analysis.

9.5.1 Adjacency Matrix of Diode-Clamped Three-Level HB Inverter

A schematic diagram of the diode-clamped three-level HB inverter is shown in
Figure 9.12a. Referring to the definition of a directed graph of the power electronic
converter in Section 6.3.1, the intersection of components in the converter can be
defined as a vertex, and each component can be defined as an edge, and the direction
of the edge is determined by the current characteristics of the components. Thus,
the directed graph of the diode-clamped three-level half bridge inverter is shown in
Figure 9.12b.

According to Figure 9.12b, the adjacency matrix of the diode-clamped three-level
HB inverter is _ -

0 x 00 1 1
1 0 x 00 0
01 0 x 0 1

A=lo 01 0 x 1 (9.25)
1 00 1 0 1
11101 0
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where symbol x is used to represent the switching component in the adjacency matrix,
and the value of x is decided by the state of the switch, x = 1 when the switch is turned
on, and x = 0 when the switch is shut down.

When a short circuit failure occurs in the converter, two vertices that are connected
to the failed edge will coincide. By assuming that the component between vertices i
and j is short-circuit, then the value of the elements in row i of the original adjacency
matrix changes to ;' = r; @ r;, and the value of the elements in column i changes
to ¢,/ = ¢; ® c;. By deleting the jth row and jth column of the original adjacency
matrix, and ensuring that the elements on the diagonal of the adjacency matrix always
remain at zero, that is, a;/ = 0, then the modified adjacency matrix corresponds to
short-circuit failure.

Assuming that the switch Q; in Figure 9.12a is short-circuited, vertex 1 and vertex
2 in Figure 9.12b coincide, and Equation 9.25 becomes

0 x 0 1 1
1 0 x 0 1
Ags=10 1 0 x 1 (9.26)
1 01 0 1
1 1 0 1 0

When a component becomes open-circuit, the edge with the open-circuit compo-
nent is disconnected. Assuming that the component between vertices i and j is an
open circuit, if the corresponding edge is a one-way side edge from i to j, then set
a;’ = 0; if the edge is bi-directional, then set a;' = a; = 0, and keeping the other
elements unchanged, the modified adjacency matrix corresponds to the open circuit
is obtained.

Assuming that diode D5 in Figure 9.12a is an open circuit, the one-way edge from
vertex 2 to vertex 6 in Figure 9.12b is disconnected, and Equation 9.25 becomes

(0 x 0 0 1 1]
1 0 x 00 0
010 x 0 1
Ab-0=10 0 1 0 x 1 ©.27)
1 00 1 0 1
1 01 01 0

Based on the above method, the adjacency matrix corresponding to component
failure can be obtained. According to the definition of adjacency matrix of a power
electronic converter, the current path in the power electronic converter is determined
by the product of adjacency matrix elements. If

Aij Gjfe - Ay~ Apj = 1 (9.28)

then the vertex sequence i —j — k — - - - —m —n comprises a current path. Because
the current does not flow through the duplicate vertex or edge, the path obtained by
Equation 9.28 will not contain the same vertices.
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Therefore, all paths under normal operating mode can be obtained according to
the normal adjacency matrix, and the paths under fault conditions can be obtained
according to the failure adjacency matrix. Comparing the normal paths with the fault
paths, the variation of some electrical parameters can be derived, thus the criteria of
fault diagnosis can be obtained.

9.5.2 Electrical Characteristics of Diode-Clamped Three-Level
HB Inverter

During the operating process of a power electronic converter, the failure probability
of switching components is the largest, because the switch or diode operates at a high
switching frequency and withstands a certain amount of voltage and current stress.
As an instantaneous and very high current usually appears after a short-circuit failure,
the over-current protection circuit in the power electronic converter will take action
immediately, and clear system faults. However, the open circuit of switching compo-
nents often leads to distortion of the output waveforms, therefore it is necessary to
diagnose which component is malfunctioning.

It is found that there are four power switches and six diodes in the diode-clamped
three-level HB inverter. As there are ten kinds of single component open-circuit faults
and one normal operating mode, at least four electrical variables are needed to deter-
mine the above eleven conditions. Generally, the output voltage v, the load current
i, the voltage across Q, in the upper leg v, and the voltage across Q, in the lower
leg vy, are selected to be monitored, among them, v, and i; are used to judge the
operating mode, and v, and v, are used to judge the fault location.

According to the operating principle of the diode-clamped three-level HB inverter,
there are six operating statuses under normal operating mode, which are listed in
Table 9.2.

Taking status I as an example, Q; and Q, are conducting, which means a;, =1,
a»; = 1, az, = 0, and a45 = 0, and the corresponding adjacency matrix becomes

0100 1 1
1 0100 0
0100 0 1

Ar=lo 01 0 0 1 (9.29)
1 00 1 0 1
11101 0

From Equation 9.29, a;, X a,; X asq X ag; = 1, thus the current path corresponding
to status I is 1-2-3-6, and the values of electrical variables can be obtained by analyzing
the path, whichare v, = v3g = vig = %, i, >0,vg; =vip =0,andvyy = vys = % =
Vf = Yoc, Similarly, the current paths and variable values of statuses II to VI can be
achieved and are listed in Table 9.2.
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Table 9.2 Current paths and electrical variables of a diode-clamped three-level HB inverter
under normal operating mode

Status Conducting Current path Electrical variables
component v, i, Vor Vs
I 0,0, 1-2-3-6 % >0 0 %
1 D,,D, 3-2-1-6 % <0 0 %
11 Ds, O,, O3 2-3-6 0 >0 % %
v D¢, O,, O3 3-4-6 0 <0 % %
\% D, D, 5-4-3-6 —% >0 % 0
VI 05. 0, 3-4-5-6 V’Z)C <0 % 0

9.5.3  Failure Criterion of Diode-Clamped Three-Level HB Inverter

This section will discuss how to obtain the failure criteria by using the adjacency
matrix and realize fault diagnosis, when one and only one switching component is in
open-circuit.

9.53.1 Q; Open-Circuit

Assuming that Q, is an open circuit, status I is selected for fault diagnosis, because
0, only conducts in status I under normal conditions. When Q; is an open circuit, the
fault adjacency matrix of status I is

Aig-0= (9.30)

_—_0 O = O
—_ o O = O O
—_ o = O = O
O = OO0 OO
—_o O O O =
S === QO

Due to a,, = 0, the original current path 1-2-3-6 does not exist. According to the
direction of the inductor current i;, a3 X as¢ X ag, = 1, which means that a new cur-
rent path 2-3-6 emerges and makes the load short circuit, then v, = 0. i; will flow
through D5 and Q,, and vy, = vj, = vi3 =vg = % In status I, as O, Q,4, and Dy



Application in Power Electronic Converters 269

2 2 v e
are all shut down, then vy, = vys = I35 = JVes = % Even if i; is equal to zero

when Q; has been open, no current path exists in status I, so vy = 0, Vo = Yoc

> , and

Vos = % as well.

9.5.3.2 Q, Open-Circuit

Assuming that O, is an open-circuit, O, conducts in statuses I and I1I, and D5 conducts
only in status III, it is not suitable to select status III for fault diagnosis of Q,. The
fault adjacency matrix of status I when Q, is an open-circuit is

01 0 O

(9.31)

—_ o O = O
-0 = O O
o= O O O
_o O o O -
S = = =0

1
0
Ag0 =
1
1

The original current path 1-2-3-6 in status I does not exist based on Equation 9.31. If
i; > 0 when the fault occurs, the inductor current i; will flow through the current path
5'4'3‘6, then V, = V3 = V56 = —%, le =Vip = O, and VQ4 = Vy5 = 0. But if iL =0
at this moment, there will be no current path, v, = 0, vy, = v, =0, and vy, = %,
because Q; is on and Q3, Q,, Dy are all turned off.

9.5.3.3 D4 Open-Circuit

Assuming that Dy is an open-circuit, that is, a4 = 0. Because Dg conducts only in
status IV under normal conditions, the fault adjacency matrix of status IV when Dy is
an open-circuit becomes

0000 1 1
1 01 00 0
0101 01

Aep0=lo 0 1 0 0 0 ©.32)
1 00 1 01
1 1 1.0 1 0

The original current path 3-4-6 in status IV does not exist due to a4, = 0. If i <0
when Dy is broken, a new current path 3-2-1-6 will appear, and then v, = v;¢ = %
and vy, = 0, because Q5 is conducting during status IV, vy = vis = V. Butif i, =0
at the same moment, no current path exists, then v, =0 and vy, = vy, = % owing

to ay; = 0 and azy = 0.
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9.5.3.4 D, Open-Circuit

Assuming that D, is an open-circuit, that is, a,; = 0, the adjacency matrix of status II
turns out to be _

01 0 0 1 1
001 0 0 O
01 0 0 0 1
Asp-0 = 001 0 0 1 ©.33)
1 0 01 0 1
1 1.1 0 1 O

The original current path 3-2-1-6 in status II no longer exists, there is no freewheel-
ing path for the inductor current, and i; will suddenly drop to zero and a transient high
voltage will be generated. Q; or Q5 will break down as a result, which belongs to a
cascading failure, instead of the single component failure discussed here.

9.5.3.5 Single Component Open-Circuit Criterion

Similarly, the failure criteria of other components in a diode-clamped three-level half
bridge inverter can be deduced and summarized, as in Table 9.3. Based on this table,

Table 9.3 Single component open-circuit criterion in a diode-clamped three-level HB
inverter

Failure Status Working path Electrical variables
component .
VO 153 VQ] VQ4
v 1%
0, I 236 0 >0 %C %C
1%
0, I 5-4-3-6 —%C >0 0 0
1%
I 0 0 0 %
Vpe
0, VI 3-2-1-6 = <0 0 0
1%
VI 0 0 % 0
v, 1%
on \%! 3-4-6 0 <0 % %
1%
Ds 1 5-4-3-6 —% >0 Vpe 0
v 1%
I 0 0 -Le -L<
v 2 2
Dg v 3-2-1-6 % <0 0 Ve
Y% 0 0 E @
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Figure 9.13 Simulation waveforms of a diode-clamped three-level HB inverter under normal
operating mode

the open-circuit fault diagnosis and fault location of four switches and two clamping
diodes in the inverter can be realized only by monitoring four electrical variables.

In accordance with the method described above, the characteristics of electrical
variables under other kinds of component failure can be obtained, thus a structural
fault diagnosis method based on the adjacency matrix of a power electronic converter
is formed. This method can extract the fault features and produce the fault diagnos-
tic results quickly and accurately by computation, so it will be useful especially for
complex power electronic system.

9.5.4 Simulation Verification of Diode-Clamped Three-Level
HB Inverter

In this section, the correctness of the proposed fault diagnosis method is verified
in PSIM®, the simulation parameters are V- =600V, L, =20mH, R =5 Q, and
C, = C, = 3300 pF, modulation frequency is f = 50 Hz, modulation ratio is m = 0.8,
and switching frequency is f; = 1kHz. The simulation waveforms of i;, v,, vy, and
Vo4 under normal operating mode are shown in Figure 9.13, which is consistent with
the analysis results of Table 9.2. Figure 9.14 shows the simulation results while O, O,,
03, O4, D5, or Dg is an open circuit respectively, in which v;, illustrates the open-circuit
time. Figure 9.14 has proved the correctness of Table 9.3, therefore, according to
the values of i}, v,, vy and vy, under specific statuses, the component which is an
open-circuit can be judged, and the feasibility of failure diagnosis based on adjacency
matrix has been verified.
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Figure 9.14 Simulation waveforms of diode-clamped three-level HB inverter when a dif-
ferent component is open-circuit: (a) Q, is open-circuit; (b) Q, is open-circuit; (c) Q3 is
open-circuit; (d) Q, is open-circuit; (e) D5 is open-circuit; and (f) D¢ is open-circuit

9.6 Summary

Sneak circuits are electrical paths that objectively exist in power electronic converters,
although they do not participate in converter operation under normal operating con-
ditions. The performance of a power electronic converter can be improved or new
functions can be realized by purposefully inserting sneak circuit paths during the
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Figure 9.14 (continued)

normal operating process. On the other hand, the proposed sneak circuit path anal-
ysis method will contribute to a further understanding of topological structures and
operating mechanisms of power electronic converters, also providing a reference for
topology reconstruction and failure diagnosis of power electronic converters.

This chapter introduces how to make use of sneak circuits to improve the converter
performance, realize topology reconfiguration, design new functions, and diagnose
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some faults of the power electronic converter concretely with some examples, which
is conducive to promoting the use of sneak circuits and analysis methods in power
electronic converters.
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Z-source converter, 139
power conversion, 139
see also Impedance-source converter,
139
Z-source inverter, 139, 230
boost factor, 143
buck-boost factor, 144
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normal operating status, 144
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