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Introduction

1.1 Introduction

For along time, voltage-type sources such as storage battery, AC grid, and output-
voltage-regulated converters have dominated as an input source for power
electronic converters [1,2]. These sources are usually referred to as rigid sources,
since the load has limited influence on their operating voltage. Both awareness on
the depletion of fossil fuel reserves and their impact on the observed climate
changes have accelerated the utilization of renewable energy sources, for example,
wind and solar [3]. Effective large-scale utilization of these energy sources
requires the use of grid-interfaced power electronic converters [4,5]. It has
been recently concluded [6,7] that the power electronic converters used in the
photovoltaic (PV) systems are essentially current-sourced converters because of
the current-source properties of PV generator [8,9] forced by the input-side
voltage feedback control [10,11]. At open loop, the static and dynamic properties
of the integrating converter are determined by the operating region of the PV
generator. The same also applies for the converters in wind energy systems.
Another example of a perfect current source is superconducting magnetic energy
storage (SMES) system, where a very large inductor serves as the energy storage
element [12,13]. Even though the properties of the mentioned sources are already
well known [14,15], they are still typically considered as voltage sources when
designing the interfacing converter power stages [16,17] or analyzing their
underlying dynamics [18—21] despite their current-type properties. The analysis
method is usually justified by Norton/Thevenin transformation [20].

The existence of two different input source types implies that two different
families of power electronic converters shall also exist, where the converters shall
be referred to as voltage-fed (VF) (Figure 1.1) and current-fed (CF) (Figure 1.2)
converters, possessing different steady-state and dynamic properties even though
the power stage can be the same in both of the cases [7,22]. The term current
source has already been widely used, for example, in Ref. [23-28], denoting a
voltage-fed converter, where an inductor is placed on the input-side current path
such as a boost-type converter [29] or two-inductor (super)buck converter [30].
Fuel cells as renewable energy sources [31] are such an input source, which can be
considered to be either voltage or current sources due to their rather constant
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output impedance [32] and operation at the voltages less than the maximum
power point [33]. Therefore, the elimination of the harmful low-frequency ripple
can be performed by using either input current (i.e., voltage source) or input
voltage (i.e., current source) feedback control [34].

On the load side, the output voltage of a converter shall not be taken
automatically as an output variable, since this is true only when the converter
serves as a typical power supply, regulating its output voltage. In case, the
converter is used, for example, as a battery charger or grid-connected inverter,
the output voltage is determined by the load-side source and hence output
current shall be treated as an output variable. Therefore, the static input-to-
output ratio M(D), where D denotes the steady-state duty cycle, shall be actually
determined as the ratio of the input-terminal variable characterizing the input
source and the same variable at the output terminal, that is, the voltage ratio in a
VF converter and the current ratio in a CF converter. According to Figures 1.1 and
1.2, the converter may serve either as a VF or as a CF converter with voltage (VO)
or current (CO) as its main output variable, depending on the application. In all
the cases, the terminal constraints in terms of voltage and current levels remain
unchanged. Reference [22] shows explicitly in theory and by experimental
measurements that the dynamic behavior changes significantly application by
application as demonstrated in Figure 1.3, where the measured frequency
responses of the control-to-output transfer functions with different terminal
source configurations are shown. Therefore, it is very important to identify the
correct nature of the terminal sources when analyzing the dynamics of the
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Figure 1.3 The frequency responses of a buck power stage converter when the terminal sources
are varied (i.e,, voltage-fed converters at voltage (vf/vo) and current (vf/co) output modes and
current-fed converters at current (cf/co) and voltage (cf/vo) modes).

converter, for example, for control design purposes, which is obvious when
studying the frequency responses in Figure 1.3.

Every power electronic converter has unique internal dynamics, which will
determine the obtainable transient dynamics and robustness of stability as well as
its sensitivity to the external source and load impedances [35—37]. The internal
dynamics can be represented by a certain set or sets of transfer functions, which
are classified in circuit theory according to the network parameters [38] known as
G (Figure 1.1a), Y (Figure 1.1b), H (Figure 1.2a), and Z (Figure 1.2b), respectively.
The specific transfer functions can be directly modeled and measured as
frequency responses only when the used terminal sources correspond to the
ideal terminal sources given for each of the sets in Figures 1.1 and 1.2. Even if the
concept of internal dynamics is basically well known (i.e., all effects from the
source and load impedances are removed) [7,35], the tendency is still to use a
resistor as a load [39] yielding load-affected models or measured frequency
responses. A power stage fed by a certain input source under direct duty ratio
(DDR) control tends to maintain the output mode the same as the input source
(i.e., VF converters are inherently voltage sources at their output, and CF
converters are current sources at their output). As a consequence, the internal
transfer functions of such converters can be measured directly at open loop. The
other possible output mode does not work at open loop due to violation of
Kirchhoff’s voltage or current law. The same also applies for the current-mode
control, which changes the converter to be a current-output converter [40]. In
such a case, the use of resistive load is well justified, but the internal transfer
functions have to be computed from the load-affected transfer functions for being
useful [7].

A large number of excellent power electronics textbooks are available, such as
Refs [5,7,25,39,41-47], which are dedicated to the converters providing either
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DC-DC or DC-AC (AC-DC) conversion, or even both. None of these textbooks
presents topics that treat the CF converters even if they exist or may even
dominate within the specific application area covered in the specific books. The
inclusion of the effect of source and load impedances on the converter dynamics is
also usually left out by the topics covered in the books even if they are considered
very important in practical applications.

The main goal of this book is to provide the missing information in order to
complement the other textbooks as well as to present the base for the dynamic
analysis of the converters in a general form, which can be utilized with both
analytically derived transfer functions and the experimentally measured transfer
functions. As a consequence, the potentials of the theoretical work are extended
into practice and for the usage of practicing engineers.

The topics covered in the book are briefly discussed and clarified in the
subsequent sections in order to familiarize the reader with the secrets of dynamic
modeling, analysis, and control designs in both DC-voltage/current source and
AC-voltage/current source domains. The mastering of these items requires quite
consistent thinking ability as well as flexibility to change from one set of dynamic
descriptions to another while moving on.

1.2 Implementation of Current-Fed Converters

There are actually three different methods to implement CF converters: (i)
applying capacitive switching cells to construct CF converters [48] similarly as
the inductive switching cells are applied, for example, in Refs [1,2], (ii) applying
duality transformation methods [49-53], and (iii) adding a capacitor to the input
terminal of a VF converter [54] to satisfy the terminal constraints imposed by the
input current source [55]. The duality transformation yields CF converters, which
retain the main static and dynamic properties characterizing the original VF
converter [52]. The adding of a capacitor at the input terminal of a VF converter
yields a CF converter having static and dynamic properties resembling the dual of
the original converter, that is, a VF buck converter will have characteristics
resembling a boost converter and vice versa [54].

As an example, the power stage of a VF buck converter and its dual, that is, the
corresponding power stage of a CF buck converter, are given in Figures 1.4 and 1.5.
In the original buck converter, the high-side switch Sys conducts during the
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1.3 Dynamic Modeling of Power Electronic Converters

L i Figure 1.5 CF buck converter.
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on-time and the low-side switch Sy s during the off-time. In the CF buck converter,
the low-side switch Sh¢ conducts during the on-time and the high-side switch SP
during the off-time. As both of the converters are buck-type converters, the ideal
input-to-output relation or modulo M(D) = D.

It has been observed earlier that the VF-converter power stages used in the
interfacing of PV generators exhibit peculiar properties, such as appearing of
right-half-plane (RHP) zero in the control dynamics of buck power stage
converter [56], unstable operation when the output voltage or current is tightly
controlled [57], necessity to reduce the pulsewidth for increasing the output
variables [58,59], and appearing of RHP pole when peak-current-mode (PCM)
control is applied in a buck power-stage converter [60,61], and even the
impedance-based stability assessment has to be performed differently compared
to the VF converters [62]. The observed phenomena are good evidence for the
necessity to fully take into account the used terminal sources as discussed in
Ref. [22].

1.3 Dynamic Modeling of Power Electronic Converters

The methods to develop the required small-signal or dynamic models for the
power electronic converters date back to the early 1970s [63] when the foundation
for the state space averaging (SSA) method was laid down [64] and later modified
to correctly capture the dynamics associated with the discontinuous conduction
mode (DCM) of operation [65,66] as well as with the variable frequency opera-
tion [67,68]. The same methods also apply equally to modeling the dynamics of
three-phase grid-connected power converters [69]. The SSA method is observed
to produce accurate models up to half the switching frequency.

One of the most fundamental issues in performing the modeling in addition to
the recognition of the correct input and output variables is that the state variables
are to be considered as the time-varying average values within one switching cycle
of the corresponding instantaneous values [66]. In continuous conduction mode
(CCM), this is also true in the instantaneous state variables and, therefore, the
averaged state space can be constructed by computing the required items directly
by applying circuit theory. The continuity is also reflected as the known length of
the on-time and off-time. In DCM, the instantaneous variables are not anymore
necessarily continuous signals but rather pulsating signals, which is also reflected
as the unknown length of off-time. Therefore, their time-varying average values
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have to be computed based on the wave shapes of their instantaneous values and
used for computing the length of the unknown off-time. A number of variants are
available for the basic SSA method in continuous time as well as in discrete time,
which can also be used for obtaining the dynamic models but they do not offer
usually such benefits, which would justify their usage in practical applications.
The original SSA method can be applied as such only to the converters, which
operate in CCM under DDR control, which is also known as voltage-mode (VM)
control [39]. The last term is not recommended, however, to be used, because it
will mean in the future the internal control methods in a CF converter, where the
feedback is taken from the capacitor voltage (i.e., peak voltage mode (PVM) or
average voltage mode (AVM)) similarly as the current-mode controls (i.e., peak
current (PCM) or average current (ACM)) in a VF converter. The dynamic
models (i.e., the small-signal state space) induced by the DDR control will serve as
the base for the modeling of the converters, where the internal feedback loops are
used to affect the duty ratio generation, that is, the dynamics associated with the
duty ratio. The modeling of those converters can be simply done by developing
proper duty-ratio constraints, where the perturbed duty ratio is expressed as a
function of the state and input variables of the converter [7]. In case of variable-
frequency operation, the duty ratio is nonlinear and, therefore, the on-time of the
switches has to be used as the control variable instead of duty ratio [7,68].

1.4 Linear Equivalent Circuits

As an outcome of the SSA modeling method [64], the dynamics of the associated
converter was represented by means of the canonical equivalent circuit given in
Figure 1.6, which is valid for a second-order or two-memory-element converter
operating in CCM under DDR control. The structure and the circuit elements of
the equivalent circuit can be found from the corresponding small-signal state
space. Similar equivalent circuit can also be constructed for the higher order
converters as well as for CF converters (see Figure 1.7) applying the same
methodology. Figures 1.6 and 1.7 provide clear physical insight into the dynamic
processes inside the converters as well as clearly indicate the differences the

Figure 1.6 Canonical equivalent circuit for a second-order VF/VO converter.



1.4 Linear Equivalent Circuits

Figure 1.7 Canonical equivalent circuit for a second-order CF/CO converter.

duality transformation produces in the converter. As being a linear representation
of the converter, the effect of the source and load impedances can be computed by
applying circuit theory, which is very important for understanding the dynamic
behavior of the practical systems.

Similar equivalent circuits as in Figures 1.6 and 1.7 cannot be, however,
constructed for the converters operating in DCM or containing internal feedbacks,
for example, PCM control. More general equivalent circuit can be constructed
based on the set of transfer functions comprising the network parameters G, Y, H,
and Z, which can be utilized similarly as the canonical equivalent circuits in
Figures 1.6 and 1.7 to assess the effect of nonideal source and load [7,70]. Figures 1.8
and 1.9 show such a generic equivalent circuit representing the dynamics of VE/VO
DC-DC and a VE/CO DC-DC converters, respectively. On comparing the
equivalent circuits in Figures 1.6 and 1.7 with the equivalent circuits in Figures 1.8
and 1.9, the main difference found between them is that the latter equivalent circuits
present explicitly the main terminal characteristics of a converter. This information
is actually very important for being able to fulfill the terminal constraints stipulated
by the different input and output sources.

Similar equivalent circuits as in Figures 1.6 and 1.7 can also be constructed for
the three-phase grid-connected converters by means of their small-signal state
space given in the synchronous reference frame applying power invariant
transformation (i.e., power-invariant d—q state space), as shown in Figures 1.10
and 1.11 [71,72]. The corresponding physical schematics are given in Figures 1.12

~.
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Figure 1.8 Generic equivalent circuit for a VF/VO converter.
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Figure 1.9 Generic equivalent circuit for a CF/CO converter.

Figure 1.11 Canonical equivalent circuit for a current-fed three-phase DC-AC converter.
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Figure 1.12 Three-phase grid-connected rectifier.

and 1.13, respectively. According to Figures 1.12 and 1.13, the converters can be
constructed from each other by changing the direction of power flow. This
similarity is also visible in the corresponding equivalent circuits. These equivalent
circuits would give the same physical insight as the corresponding DC-DC
equivalent circuits.

Similar equivalent circuits as in Figures 1.10 and 1.11 cannot be, however,
constructed for the converters operating in DCM or containing internal feed-
backs. Similarly, as in the case of DC-DC converters, the more general equivalent
circuits can be constructed based on the set of transfer functions comprising the
network parameters G, Y, H, and Z, which can be utilized similarly as the
canonical equivalent circuits in Figures 1.10 and 1.11 to assess the effect of
nonideal source and load [7,73]. Figure 1.14 shows such a generic equivalent
circuit representing the dynamics of a three-phase grid-connected AC-DC
converter, and Figure 1.15 shows a generic equivalent circuit representing the
dynamics of a three-phase grid-connected current-fed inverter. On comparing
the equivalent circuits in Figures 1.10 and 1.11 with the equivalent circuits in
Figures 1.14 and 1.15, the main difference found between them is that the latter
equivalent circuits present explicitly the main terminal characteristics of a
converter. This information is actually very important for being able to fulfill
the terminal constraints stipulated by the different input and output sources.

The variables of the equivalent circuits with a superscript s denote the three-
phase variables transformed into the synchronous reference frame (SRF) composed
of direct (d) and quadrature (q) components of the variables, respectively. The

n 4@4&4'3}/6%?%
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Figure 1.13 Three-phase grid-connected current-fed inverter.
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Figure 1.15 Generic equivalent circuit for a three-phase grid-connected CF/CO converter.

transfer functions represented with boldface letters denote a transfer function
matrix composed of two or four discrete transfer functions. The computation of the
effect of nonideal source and load has to be performed by applying matrix
manipulation techniques instead of circuit theoretical methods [73].

The generic equivalent circuits are very flexible tools for solving the dynamic
problems associated with the impedance-based interactions [37,71,74] as well as
for assessing the stability in the practical interconnected systems [75,76]. The
dynamic equivalent circuits as well as the corresponding matrix-form represen-
tations can be equally utilized by means of the model-based analytic transfer
functions and the corresponding measured frequency responses or even by their
combination.

1.5 Impedance-Based Stability Assessment

Stability assessment of a system composed of interconnected power electronic
converters as well as passive impedance-like elements can be effectively per-
formed at any interface within the system by means of the ratio of upstream and
downstream impedances measured or predicted at the interface [7,22,63,75-84].
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Figure 1.16 Collection of forbidden regions in the complex plane according to Refs [77-84].
Source: Vesti 2013. Reproduced with permission of IEEE.

The method was originally launched in Refs [77,78] for designing stable input-
filter converter systems. The ratio was named as minor loop gain, where the
input-filter output impedance is the upstream impedance and the input imped-
ance of the converter is the downstream impedance. The minor loop gain denotes
the ratio of the upstream and downstream impedances. The stability of the
interconnected system is retained when the minor loop gain satisfies Nyquist
stability criterion. It has been later observed that the original minor loop gain is
only valid for a certain type of interfaces, that is, the upstream subsystem is a
voltage-type system and the downstream system a current-type system. A general
definition for the construction of the minor loop gain is such that the numerator
impedance shall be the internal impedance of the voltage-type subsystem and the
denominator impedance shall be the internal impedance of the current-type
subsystem [22,62,78].

The minor loop gain concept is nowadays applied commonly in assessing the
stability and transient performance in interconnected power electronic systems.
The concept of forbidden region was launched in Ref. [79], which ensures robust
stability of the system if the minor loop gain stays out of the forbidden region. The
forbidden region launched by Middlebrook in Refs [77,78] is a circle having radius
of inverse of gain margin (GM) and the center at origin, as shown in Figure 1.16.
Middlebrook’s forbidden region was deemed to be too conservative, that is,
occupying unnecessary amount of area in the complex plain [79]. As a conse-
quence, new forbidden regions were developed for reducing the conserva-
tism [79-84] such as ESAC (energy systems analysis consortium) [79],
GMPM (gain margin phase margin) [80], and opposing argument [81] criteria
illustrated in Figure 1.16.
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A Imag

Figure 1.17 Maximum peak criteria (MPC)-based forbidden region versus EASC and GMPM
regions [75]. Source: Vesti 2013. Reproduced with permission of IEEE.

According to Figure 1.16, all the different criteria aim to maintain robust
stability (i.e., acceptable transient performance) by requiring the minor loop
gain to satisfy certain PM and GM conditions. Reference [75] proposed a new
forbidden region by means of a circle having radius of inverse of maximum
peak value allowed in the affected system transfer functions and the center at
the point (—1,0) as depicted in Figure 1.17, which outperforms the other
earlier launched forbidden regions in terms of occupied area in the complex
plain. The forbidden region concept is applicable to DC and AC domain
systems as well.

1.6 Time Domain-Based Dynamic Analysis

Time domain-based dynamic analysis and control design are quite common in
control engineering [85,86] and are also utilized in conjunction with the grid-
connected power electronics applications [87]. The time domain responses do
not, however, reveal the origin of the observed transient behavior or how close the
system is for instability. Figure 1.18 shows the output-voltage transient behavior
of a buck converter when a step change is applied in the load current without
(Figure 1.18a) and with the input LC or EMI filters (Figure 1.18b and c). If both the
original and EMI filter-affected responses were not known, then it would be very
difficult to distinguish between the poor controller design and other external
reasons, because the decaying oscillation at the output-voltage response would be
similar with low margins (i.e.,, PM and GM) in the feedback loop.

Figure 1.19 shows the measured output-voltage feedback loop without and
with the input EMI filter. According to Figure 1.19, the EMI filter has not caused
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Figure 1.18 Output-voltage response of a buck converter to a step change in load current.

such a change in the feedback loop, which would affect the transient response,
that is, the PM and GM are not changed. Figure 1.20 shows the measured closed-
loop output impedance of the converter, where the EMI filter has created a
resonance, which actually initiates the decaying oscillation at the output-voltage
response [88,89]. More specifically, the resonance at the output impedance is
caused by the interacting EMI-filter output impedance and short-circuit input
impedance of the converter [90].

Figure 1.21 shows that the grid-connected inverter may become unstable when
the control bandwidth of the phase locked loop (PLL) is increased under certain
grid impedance conditions. PLL is used for synchronizing the inverter to grid. The
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Figure 1.19 The measured original and EMI-filter-affected output-voltage feedback loops.
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Figure 1.20 Original and EMI-filter-affected closed-loop output impedances.

reason for the instability is the tendency of the inverter output impedance to have
negative resistor-like behavior at low frequencies, that is, at the frequencies lower
than the PLL crossover frequency [91]. The frequency responses of the inverter
output impedance and the grid impedance (Figure 1.22) can be used to reveal
explicitly the problems associated with instability phenomenon. The time domain
plot does not tell anything about the reasons behind the problem or how much
the condition has to change that the instability will vanish or occur again.

It may be quite obvious that the time domain evidence does not suffice to
proving the quality of design or the validity of the modifications for removing the
problem. The frequency domain evidence will provide a medium to assess the
robustness of the design as well as to reveal the risks left in the design for
reoccurrence of the “removed” problem.
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Figure 1.21 Instability of three-phase grid-connected inverter induced by PLL control
bandwidth.
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Figure 1.22 Effect of the PLL bandwidth on the inverter output impedance.

1.7 Renewable Energy System Principles

Large-scale utilization of the renewable energy sources such as solar PV, wind,
and fuel cells necessitates the use of power electronic converters for providing the
grid integration [4]. The solar PV power plants are either constructed by using
one DC-AC stage (i.e., single stage) (Figure 1.23) or cascaded by using DC-DC
and DC—AC stages (i.e., double stage) (Figure 1.24) [92]. The full-power converter
wind energy and fuel cell systems are most often constructed by using double-
stage converter schemes according to Figure 1.24 [31,93-95].

The basic operation mode of these systems in terms of grid connection is either
grid-parallel (i.e., grid-feeding, grid-supporting) or grid-forming mode [96—98].
In grid-parallel operation mode, the inverter serves as current source, and the grid

Inverter

Renewable DC AC
energy Vaelink Vee | grid
source AC

PVG

Figure 1.23 Single-stage renewable energy system principle.
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Figure 1.24 Cascaded renewable energy system principle.
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Figure 1.25 Single-stage grid-parallel energy system.
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Figure 1.26 Cascaded grid-parallel renewable energy system.
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Figure 1.27 Single-stage grid-forming energy system.

determines the level of AC voltage and frequency (Figures 1.25 and 1.26). Usually
maximum available power in the renewable energy source is supplied into the grid
applying different maximum power point (MPP) tracking algorithms [99-102]. A
characteristic of the grid-parallel operation mode is that the outmost feedback
loops of the power electronic converters are taken from the input terminal of the
converters (see Figures 1.25 and 1.26).

In grid-forming operation mode (i.e., standalone, off-grid, or islanding), the
inverter serves as a voltage source taking care of both the voltage level and
the frequency (Figures 1.27 and 1.28). The level of output power supplied into the

DC/DC
AC/DC DC link Inverter Iy
O
- >
Renewable IN pe ac
energy e - e
source DC | AC
) il
Vacrink =

Figure 1.28 Cascaded grid-forming renewable energy system.
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system depends on the load of the system. A characteristic of the grid-forming
mode is that the outmost feedback loops are taken from the output terminal of the
power electronics converters (see Figures 1.27 and 1.28).

The feedback arrangements mean that the power electronic converters in grid-
parallel mode are CF/CO converters and in grid-forming mode VF/VO convert-
ers. The change of operating mode is usually required in renewable energy
systems (i.e., from grid-parallel to grid-forming mode and back). The dynamic
behavior of the converters will profoundly change depending on the operation
mode, which has to be carefully considered when designing the control systems
for ensuring stable operation [97].

1.8 Content Review

The book is divided into four parts as follows: Part One, comprising Chapters 1
and 2, is dedicated to the introduction as well as to the dynamic analysis and
control design preliminaries in a generalized manner. Part Two, comprising
Chapters 3-6, is dedicated to the dynamics of voltage-fed DC-DC converters.
Part Three, comprising Chapters 7—11, is dedicated to the dynamics of current-
fed DC-DC converters as well as to the properties of photovoltaic generator and
its effects on the interfacing converter dynamics. Part Four, comprising Chapters
12-17, is dedicated to the dynamics and control of grid-connected three-phase
VSI-type converters. The content of the subsequent chapters is briefly reviewed in
order to clarify the message, which each chapter will deliver.

The conceptual and theoretical basis of the book is provided in Chapter 2 in a
simple and practical manner without using difficult mathematical treatments, but
at the same time in general form. The same theoretical formulas are repeated in
explicit modes in the associated chapters if deemed to be necessary for under-
standing the message.

In Part Two, the dynamic modeling, analysis, and control of VF converters are
treated. Chapter 3 provides the unified dynamic modeling of direct-on-time-con-
trolled converters applied to the basic converters (i.e., buck, boost, and buck—boost)
as well as to the superbuck or two-inductor buck converter in the fixed-frequency
mode of operation. The dynamic models provided by Chapter 3 are utilized to model
the dynamic behavior of the current-mode-controlled converters in Chapter 4. The
similarity between PCM and ACM controls is clearly pointed out. The modeling of
PCM control is also introduced in case of several simultaneous inductor-current-
feedback arrangements as well as when coupled inductors are utilized. The source
and load interactions in PCM- and DDR-controlled converters are compared and the
origin of the differences is explained. Chapter 5 introduces the modeling of current-
output converters based on the models of the VE/VO converters. The source and load
interactions as well as impedance-based stability analysis are introduced and com-
pared with the VF/VO converters. Chapter 6 is dedicated for the control design issues
in VF converters. The factors affecting the load transient response are explicitly
explained, which would facilitate the control design.

In Part Three, the implementation, dynamic modeling, analysis, and control of
CF converters are treated. Chapter 7 provides the methods to implement CF
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converters applying duality transformation and adding necessary components at
the input terminal for satisfying the terminal constraints imposed by the current-
type input source. Chapter 8 provides the dynamic models of DDR-controlled
basic CF converters implemented by duality-transformation methods or by
adding a capacitor at the input terminal of a VF converter. Chapter 9 introduces
the dynamic modeling of PCM- and PVM-controlled CF converters. Observed
stability problems in conjunction with PCM control applied in PV interfacing
converters are explicitly explained. The influence of the PCM and PVM controls
in source and load interactions as well as impedance-base stability assessment are
explicitly explained. Chapter 10 introduces the characteristics of PV generator as
well as the MPP tracking methods and design constraints. Chapter 11 is dedicated
to the photovoltaic generator interfacing problematics from the power electronics
converter viewpoint, including the PV generator-induced effects on the dynamics
of the interfacing converters as well as the associated stability issues.

In Part Four, the dynamic modeling, analysis, and control of grid-connected
three-phase VSI-type converters are treated. Chapter 12 provides consistent
methods to develop the dynamic models of voltage- and current-fed three-phase
PWM inverters in synchronous reference frame (or dq-domain) by utilizing space
vector theory. Chapter 13 is dedicated to applying the dynamic models to design
the required control functions in an inverter. The effect of different control
anomalies caused by the input terminal sources are explicitly treated as well.
Chapter 14 introduces reduced-order dynamic modeling of the inverters to relax
the high complexity of the inverter dynamics for achieving satisfactory dynamic
descriptions applicable for control design. Chapter 15 provides the detailed
models for analyzing the closed-loop dynamics of the inverter in multivariable
environment. Chapter 16 provides detailed information on the impedance-ratio-
based stability assessment methods applying generalized Nyquist stability crite-
rion. Chapter 17 is dedicated to the dynamic modeling and control design of
three-phase active rectifiers.
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