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Abstract

The global need for sustainable energy supplies is one of the major drivers in
the power electronics industry. In this work, the main challenges and objec-
tives for multilevel power converters in grid-connected applications have been
elaborated. To address the identified requirements and challenges, a family of
efficient multilevel converters with the single-stage dynamic voltage-boosting
feature, reduced number of circuit components, modular structure, and bidi-
rectional operation is presented. The aforementioned advantages make this
converter a suitable candidate for renewable energy applications. Moreover,
to further improve the performance of the proposed converter, an active
power decoupling (APD) strategy for single-phase grid-connected inverters
is presented to cancel out the double-line frequency ripple in the input cur-
rent profile. This enables the converter to be employed in a broad range of
grid-connected applications with improved efficiency without adding extra
components to the circuit. The experimental results show more than 1%
improvement in conversion efficiency over the whole power range, only by
applying the proposed control strategy. Additionally, a flexible APD control
strategy is applied to continuously adjust the tradeoff between the DC input
current ripple and voltage stress on the circuit components, while retaining
the power quality requirements of a standard grid-connected inverter. The
voltage stress on the circuit components can be reduced by up to 17% with
the proposed method compared to the conventional APD approaches. Fur-
thermore, to address the scalability requirement of the single-stage DC-AC
converters, a new transformerless grid-connected inverter with a common-
grounded circuit architecture and single-stage dynamic voltage boosting gain
is proposed. The key features of the presented inverter are the reduced cur-
rent stress profile, modularity, uniform peak voltage stress on the switches,
higher power handling capability, and bidirectional power flow operation.
Through a modular design with a phase-shifted modulation, the injected
grid current can be shared among the modules, while the size of the grid-
interface filters can be reduced. The working principle and the generalized
form of the converter are discussed, and some simulation and experimental
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results are presented to validate its feasibility, achieving more than 95% effi-
ciency in grid-connected mode at 120 V DC input voltage over a broad power
range. Finally the conclusions and recommended future works are provided.
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Chapter 1

Introduction

The growth rate of renewable energy sources in the global energy market
shows a clear trend and interest toward green power generation with a min-
imized carbon footprint. Australia has set ambitious targets to increase its
share of renewable power and reduce its carbon footprint, similar to the ef-
forts in Europe. The Australian government has established a goal to achieve
82% renewable electricity by 2030 [1,2]. Currently, Australia generates about
32% of its power from renewable sources, including wind, solar, and hydro [3].
In addition to this, Australia has committed to reducing its greenhouse gas
emissions by 43% from 2005 levels by 2030 and aims to reach net zero emis-
sions by 2050 [4].

To support the high renewable penetration in the existing electrical grids,
the role of power electronic converters is inevitable. Power electronics is one
of the critical enablers of integrating renewable sources in the electrical grid.
Most renewable energy sources are not inherently compatible with the grid
operating conditions and need a power converter as an interface. Normally,
the power flow direction for renewable sources is from the source to load
side (unidirectional power flow). Moreover, to address the intermittency
issue of renewables, energy storage devices are crucial in modern grids. In-
tegrating the battery energy storage systems into the grids, requires power
converters with specific features such as bidirectional power flow capabil-
ity, and continuous and ripple-free DC input current profile. In this case, a
converter with built-in bidirectional power flow allows for efficient charging
and discharging the energy-storing element (e.g., batteries, supercapacitors,
etc.) according to the requested power reference commands. On the other
hand, some energy-storage technologies such as fuel-cells are prone to acceler-
ated degradation under fluctuating and changing currents [5]. Furthermore,
low-frequency ripple currents in DC buses that are common in single-phase
systems and unbalanced three-phase systems cause higher root-mean-square
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(RMS) current values passing through the components, leading to increased
operating temperatures and consequent potentially reduced lifetime of the
batteries or DC-link capacitors.

Furthermore, the accelerating trend of modern electric vehicles (EVs)
with improved range, superior performance, and energy efficiency opens an
opportunity for developing better power converters complying with the strict
and challenging automotive industry requirements in terms of reliability, elec-
tromagnetic compatibility (EMC), efficiency, compactness, and of course to-
tal cost of ownership. Moreover, in smart grids, EVs are considered as mov-
ing distributed energy-storage units. Therefore, they can be operated as
grid-connected inverters and participate in the grid voltage and frequency
regulation services through active and reactive power injection into the grid.
More specifically, energy exchange from EV to grid (V2G) and from grid to
EV (G2V) are important approaches to improve the power quality, power
efficiency, and reduce the users’ energy bills [6–8].

In most applications, a two-stage power conversion structure is neces-
sary due to the requirements of the DC source and the load(s), as shown
in Fig. 1.1(a). For instance, in a grid-connected PV inverter, a front-end
boost DC-DC stage is followed by a DC-AC inverter, allows for Maximum
Power Point Tracking (MPPT) under a wide range of irradiation and shad-
ing conditions while the grid voltage amplitude is met. Similarly, two-stage
DC-AC power converters are broadly incorporated in many grid-connected
applications such as battery energy storage systems. It should be noted that
in some particular applications such as wind-based energy generation, the in-
put source has an AC voltage waveform and, therefore, it requires a different
power conversion architecture (e.g., a front-end AC-DC converter or a direct
AC-AC converter).

One of the requirements for EV, fuel-cell, battery, and PV applications
is a ripple-free and steady DC power. Therefore, due to the difference in the
instantaneous power at the DC and AC ports, a power decoupling strategy is
necessary. Conventionally, active or passive buffer circuits are used to address
this issue in DC-AC converters. Thus, the buffer circuit needs to compensate
and inject a suitable voltage or current to cancel this undesirable input ripple.
However, including an additional buffer circuit to a DC-AC converter can
increase the size, cost, complexity, and potentially the overall failure rate of
the system. As a common practice, a two-stage structure is used in many
grid-connected inverter units as shown in Fig. 1.1(a). The first DC-DC stage
is responsible for achieving DC input voltage control as well as boosting the
voltage to an appropriate level for the DC-AC stage. Moreover, the DC-
DC stage in conjunction with the DC-link capacitor can serve as an Active
Power Decoupling (APD) circuit to redirect the ripples from the DC port
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(a)

(b)

Fig. 1.1. DC-AC converter architectures: (a) conventional two-stage inverter
with a dedicated boost stage, (b) single-stage inverter with integrated voltage
boosting capability.

to the DC-link capacitor. However, the same level of functionality can be
reached with some of the proposed single-stage DC-AC converters as shown
in Fig. 1.1(b).

Power electronic converters with single power processing DC-AC stage
have been recognized as efficient, compact, and attractive solutions during
the latest years for the newly-developed renewable-energy (RE)-based sys-
tems [9]. This concept, as shown in Fig. 1.1(b), is motivated by targeting
some shortcomings associated with the two-stage DC-AC converters such as
lower overall efficiency, larger number of required components, lower feasible
range of output voltage gain, higher manufacturing cost, and lower overall
power density [10, 11]. The main research objectives and an overview of the
report are presented in the next section.

1.1 Research Objectives

The main aim of this research is to propose improved DC-AC multilevel
converter structures, modulation, and control strategies tailored for grid-
connected applications with RE- and battery-based sources. More specifi-
cally, this work is moving toward the single-stage boost-based DC-AC con-
verters with developed advanced capabilities such as dynamic voltage boost-
ing gain, APD, bidirectional power flow, and full reactive power support.

The specific research objectives of this thesis are:

1. To propose and improve flexible single-stage multilevel converter struc-
tures complying with the application-specific requirements for both
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single- and three-phase use cases

2. To develop integrated modulation and control strategies to enable the
potential advanced features of the converters

3. To design control strategies with active power decoupling feature for
single-stage multilevel converters as a critical requirement for PV, fuel
cell, and battery operated systems

4. To investigate the possibility of power/current sharing within a mul-
tilevel converter with a modular architecture as an enabler for active
thermal control techniques

5. To implement power converters with corresponding controllers to achieve
bidirectional power flow feature for the battery-based systems such as
EVs or battery energy storage systems

1.2 Thesis Overview

The rest of the thesis is structured as follows:
Chapter 2 provides a literature review on major aspects of power electronics

converters with a focus on grid-connected applications. This includes an
overview of the circuit topologies used in power converters, and various mod-
ulation and control approaches to be applied on power converters. Moreover,
the identified gaps in the literature have been explained.

Chapter 3 aims to present a family of multilevel converters with the single-
stage dynamic voltage-boosting feature, reduced number of circuit compo-
nents, modular structure, bidirectional operation, continuous input current,
and acceptable overall efficiency. The proposed structure is based on a three-
level single-stage boost integrated inverter with an embedded quasi H-bridge
(QHB) cell. These features allows using the proposed converters as an in-
terface between the available varying low-voltage DC sources (e.g., battery
or PV) and a standard AC grid. In addition, the proposed converters have
the potential for integrating active power decoupling, that is investigated in
the following chapters. The proposed topology directly addresses research
objectives 1 and 5, and the proposed modulation to enhance the maximum
voltage gain links to research objective 2.

Chapter 4 aims to implement an integrated active power decoupling tech-
nique using the proposed S5B5L-VSI to eliminate the double-line frequency
ripple at the DC port without any additional components. APD is partic-
ularly critical for single-phase EV chargers, battery- and RE-based appli-
cations, as it improves the power quality at the DC side and enhances the
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overall power efficiency. This chapter addresses research objectives 2, 3, and
5 using the proposed APD control for bidirectional power flow control under
distorted grid voltage conditions.

Chapter 5 extends the flexibility of conventional active power decou-
pling strategies and allows for a dynamically adjustable tradeoff between
the double-line frequency ripple in the DC input current and capacitor volt-
age ripple. This can be used to reduce the voltage stress on the active and
passive components or reducing the minimum capacitance requirement. This
chapter links to research objectives 2, 3, and 5 by introducing a flexible active
power decoupling control strategy with bidirectional power flow support.

Chapter 6 aims to implement a new concept of interleaved common-
grounded switched-boost multilevel inverter (CGSB-MLI). It offers several
important features including bidirectional power flow support, modularity,
higher power handling capability through the interleaved circuit configura-
tion, compatibility with PS-PWM technique, and uniform maximum voltage
stress across the switches while retaining its single-stage dynamic voltage
boosting. The common-grounded structure makes this converter an attrac-
tive candidate particularly for the applications where the negligible leakage
current generation is a priority (e.g., PV sources). The presented topology
in this chapter aligns with research objectives 1, 4, and 5, and its control
strategy follows research objectives 2 and 4.

Finally, Chapter 7 summarizes the results and implications of this work,
and provides recommended directions for the future works.
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Chapter 2

Literature Review

DC-AC power converters are one of the essential building blocks in modern
electricity grids and AC microgrids. In this chapter, an overview of the avail-
able circuit topologies and control approaches for DC-AC power converters
has been presented. Firstly, suitable circuit topologies in the literature have
been categorized and reviewed based on their features and characteristics.
Next, conventional and advanced control strategies in this context have been
summarized based on their structure. Finally, some of the identified research
gaps and major design challenges in terms of topology and control methods
have been explained.

2.1 DC-AC Converters

DC-AC converters can be categorized into three main groups based on their
output characteristics:

� Voltage-Source Converters: The vast majority of the available DC-
AC converters fall into this group due to easier implementation and
component availability, especially for low- and medium-power convert-
ers. In this type, the output voltage of the converter is synthesized by
connecting the circuit capacitors in different combinations to generate
a switched voltage waveform (which can be filtered to obtain a smooth
current waveform). Hence, the output of these converters behaves as
a voltage source. Therefore, these converters are vulnerable to short-
circuit faults, and over-current protection is essential to ensure a safe
operation. Moreover, usually, all the power switches should be opened
in case of a fault occurrence [12].

� Current-Source Converters: As opposed to voltage-source convert-
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ers, in this group, the output current is synthesized by routing the
current of an inductor to the output to generate a switched current
waveform (which can be filtered to obtain a smooth voltage waveform).
Hence, the output of these converters acts as a current source [13]. Con-
sequently, they are vulnerable to open-circuit faults, and over-voltage
protection is a key requirement [14]. The most important feature of
this group of converters is their inherent immunity against short-circuit
faults. However, their power density and efficiency are limited due to
the required additional circuit components and magnetic elements com-
pared to voltage-source converters [15].

� Impedance-Source Converters: Unlike voltage-source and current-
source converters, impedance-source converters can handle both open-
circuit and short-circuit fault conditions at their outputs for a short
time. They also can offer voltage-boosting capabilities based on their
unique structure [16–18]. In this type of converter, an impedance-
source circuit based on arrangement of passive elements (i.e., inductors
and capacitors) is followed by a switching circuit to generate a switched
voltage waveform to be filtered at consequent stages [19].

Fig. 2.1 summarizes the main features of the above-mentioned DC-AC
converter types.

Voltage-Source
• Most common type
• Low loss and high

power efficiency
• Output acts as a

switched voltage source
• Require fast overcurrent

protection
• Vulnerable to short-

circuit faults
• All switches should be

opened in after a fault

DC-AC Converters

Current-Source
• Usually need blocking

diodes or bidirectional
switches

• Limited power
efficiency and density

• Voltage boosting
• Output acts as a

switched current source
• Require fast overvoltage

protection
• Vulnerable to open-

circuit faults
• All switches should be

closed after a fault

Impedance-Source
• Require an impedance

network based on
passive elements
(inductors and
capacitors)

• Limited power rating
• Limited power

efficiency and density
due to magnetics

• Voltage boosting
• Short-term immunity

against open- and short-
circuit faults

Main Features

Voltage Gain Type
Buck Boost

Buck-Boost
Dual-Mode

Boost Boost

Fig. 2.1. DC-AC converter types.

To establish a reasonable boundary and scope for the work at hand, the
rest of this work focuses on non-isolated voltage-source DC-AC converters, as
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they are still the most popular type for industrial and residential applications.

2.1.1 DC-AC Converter Configurations

The voltage-source DC-AC converters can be categorized based on their cir-
cuit configuration as illustrated in Fig. 2.2. The most common configuration
is based on the half-bridge structure that can be found in many converter
topologies. The advantages of this configuration are the possibility of using
commercially available modules and gate drivers, extensive design guidelines,
and analysis tools to facilitate the design and testing process. The most
widely-known DC-AC converter built based on the half-bridge configuration
is the standard H-bridge converter. The next known circuit configuration
is the midpoint clamp, which is formed by clamping the output to half of
the DC-link voltage. The main benefit of this configuration is its ability
to suppress the leakage current in grid-connected applications. However,
it usually requires an active DC-link midpoint voltage balancing to ensure
proper operation during line and load transients. Moreover, due to the large
DC-link capacitors, the power density might be limited, especially in single-
phase applications [20]. In some applications, such as transformerless PV
inverters, reducing the leakage current is very important due to EMI and
safety concerns [21]. One of the possible mitigation methods for the leakage
current issue is generating a constant common-mode voltage (CMV) at all
the switching states, which is the aim of constant CMV configurations. It
should be noted that in this kind of configuration, the leakage current can
be reduced significantly. However, due to some parasitic circuit elements
and timing inaccuracies, still, the generated CMV is not perfectly constant,
and some leakage current will be propagated [22]. The leakage current can
be eliminated effectively by the common-ground type configurations, pro-
viding virtually zero CMV and almost zero leakage current. In this type,
generating negative voltages is done with the help of capacitors connected to
the output with the negative polarity [23–25]. It should be noted that the
above-mentioned configurations can be combined to form a hybrid configu-
ration converter.

In the following, some of the major three-level (3L) converter topologies
are considered as conventional DC-AC converters. Additionally, a compari-
son has been conducted for the mentioned topologies.

2.1.2 Conventional 3L Converters

In this part, some well-known single-phase 3L DC-AC converters have been
briefly introduced, along with their key features and setbacks. In addition,

9



HybridHalf-Bridge Midpoint Clamp Constant CMV Common Ground

Voltage-Source DC-AC Converter Configurations

Main Features: Main Features: Main Features: Main Features: Main Features:
• Standard

structure
• Easier

implementation
• Commercially

available
modules

• Low-frequency CMV
• Reduced leakage

current
• Requires DC-link

capacitor voltage
balancing

• Limited power density

• Almost constant CMV
• Significantly reduced leakage

current
• Sensitive to gate signal timing

(deadtime) and circuit parasitic
characteristics

• Virtually zero leakage current
• Might require bulky capacitors
• Negative output voltage

generation challenges
• Usually need more active and

passive components

• Combination of different
configurations

• Improved performance, power
density, and power efficiency

Fig. 2.2. DC-AC converter configurations.

a comparative study has been performed and the results are summarized in
the end.

The introduced converters can be grouped into two categories based on
their output voltage gain:

� Buck-based converters: These converters can only generate AC out-
put voltages with an absolute value equal to or smaller than the DC
input voltage. If the converter’s output voltage can reach the DC-link
voltage, it can be referred to as full DC-link voltage utilization (unity
voltage gain).

� Boost-based converters: These converters can create AC output
voltages with an absolute value greater than the DC input voltage.
Conventionally, the maximum voltage gain of a boost converter is a
fixed number (e.g., 2, 3, etc.) [26]. However, in some of the topologies
available in the literature, the maximum voltage gain can be changed
dynamically and continuously (i.e., by changing a duty cycle) [16, 23].

Considering the wide range of the DC input voltage in various practi-
cal applications (PV inverters, battery energy storage systems, etc.), often
a boost DC-DC stage is required to implement a complete DC-AC power
converter. This extra boost DC-DC stage can also help to achieve additional
features, such as continuous input current, active power decoupling, and
dynamic voltage-boosting gain [23, 24]. Therefore, for the buck-based con-
verters, an extra boost DC-DC stage is essential for variable low-voltage DC
sources (e.g., batteries or PV panels) for grid-connected converters. Hence,
the overall DC-AC converter consists of two power conversion stages (two-
stage converter structure). The same structure can be implemented with the
boost-based converters with a fixed maximum voltage gain to keep the same
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output voltage waveform and power quality over a wide range of input DC
voltages. Having two consequent power processing stages might cause addi-
tional losses and increase the size and cost of the overall power conversion
system.

On the other hand, boost-based converters with a dynamic voltage-boosting
gain can eliminate the need for an extra DC-DC stage in this case. Conse-
quently, even for a wide-varying DC input voltage, a single-stage power con-
verter can be used. This enables potential improvements in power density,
efficiency, and total cost for the whole power conversion platform [27,28].

Fig. 2.3 shows the conventional 3L topologies considered in this part. It
should be noted that a single-phase grid-connected condition with an L-type
grid-interface filter has been assumed for all of the topologies for a fair com-
parison. The simplest and most common topology is an H-bridge consisting
of four switches, two filter inductors, and one DC-link capacitor, as shown
in Fig. 2.3(a). Although this topology offers a unity voltage gain (in linear
modulation range) and uniform maximum voltage stress (MVS) across all de-
vices, it suffers from an excessive high-frequency CMV, which in turn causes
unwanted leakage currents. This topology is compatible with phase-shifted
(PS) modulation, which can facilitate or improve the power loss distribu-
tion among the power devices and opens an opportunity for implementing
sequential-based control methods [29].

Neutral-point-clamped (NPC) [30] and active NPC (ANPC) [31] are two
well-known multilevel topologies that use the midpoint clamp configuration,
as shown in Figs. 2.3(b) and 2.3(c), respectively. Both topologies support
bidirectional power flow. However, in the NPC topology, power losses are
distributed unequally among the power switches, and some of the transitions
between the switching states must be avoided to prevent shoot-through due
to the circuit topology [30]. Nonetheless, these drawbacks have been resolved
in the ANPC converter, as the power losses can be shared equally among all
the switches.

Another conventional topology is the T-Type structure [32], which is built
based on the half-bridge and midpoint clamp configurations, as depicted in
Fig. 2.3(d). In this topology, the MVS across the switches and the power
losses in the switches are not equal. Moreover, it needs a bidirectional switch
for the neutral-point clamping, which can be realized using several techniques
[33–35].

Furthermore, HERIC [36], H5 [37], and PN-NPC [38] are based on the
constant CMV configuration, as shown in Figs. 2.3(e), 2.3(f), and 2.3(g),
respectively. These topologies are specifically designed to reduce the leakage
current propagation in transformerless grid-connected inverters. All three
provide a unity voltage gain with a bidirectional power flow capability.
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Next, SSI [39] and quasi-Z-source [16] converters are two boost-based con-
verters with a dynamic voltage-boosting gain. The SSI topology proposed
in [39], as depicted in Fig. 2.3(h), offers a bidirectional power flow capability
and uniform MVS across all circuit components with six switches, one ca-
pacitor, and three inductors. But it suffers from high-frequency CMV and
excessive leakage current issues. Similarly, the quasi-Z-source topology pre-
sented in [16], as shown in Fig. 2.3(i), consists of four switches, one diode,
four inductors, and two capacitors. Unlike the SSI in [39], it cannot handle
reverse power flow (from AC to DC) due to the presence of the diode in
its structure. Nevertheless, both of these topologies can be employed as a
single-stage DC-AC power conversion system.

Table 2.1 summarizes the main features and characteristics of the men-
tioned conventional 3L voltage-source converters. It includes the basic config-
uration, number of active and passive devices, MVS and its uniformity across
power devices, voltage gain, compatibility for phase-shifted (PS) modulation,
CMV type and expected leakage current, and bidirectional power flow capa-
bility.
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Fig. 2.3. Conventional 3L inverter topologies: (a) H-bridge; (b) NPC [30]; (c)
ANPC [31]; (d) T-Type [32]; (e) HERIC [36]; (f) H5 [37]; (g) PN-NPC [38];
(h) SSI [39]; (i) qZ-source [16].
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2.1.3 Extension Techniques

All the basic configurations and structures that have been mentioned above
are only able to generate a 3L voltage at their output. However, it is more
desirable to have a larger number of output voltage levels to improve the
power quality, reduce total harmonic distortion (THD), and reduce the out-
put filter size [40,41]. Moreover, the maximum output voltage, current, and
power of the converters are bounded to the limitations of their active and
passive components. One of the basic possible solutions to extend the voltage
range of a converter is using several series-connected switches instead of one
switch. However, this approach needs fast and accurate voltage balancing of
the series-connected switches, which increases the complexity of the power
circuit and the gate drivers [42–44]. Similarly, paralleled switches can be used
to increase the current rating of a converter, though the static and dynamic
current balancing must be ensured for an effective implementation [45]. It
is worth mentioning that with the series-connected and paralleled switches
approaches, the number of output voltage levels will not be increased. Hence,
the output filter size cannot be reduced using these two extension techniques.
Fig. 2.4 summarizes the available extension techniques for DC-AC converters.

Cascaded
• Increasing output

voltage and number of
voltage levels

• Increasing apparent
output frequency

• Modular structure
• Might require multiple

DC sources

Extension Techniques

Interleaved
• Increasing the effective

number of output
voltage levels and
apparent output
frequency

• Modular structure
• Parallel or series

module connection

Switched-Capacitor
• Increasing output

voltage and number of
voltage levels

• Efficiency/EMI issues
due to uncontrolled
charging spikes

• Only suitable for low-
power applications

Flying-Capacitor
• Increasing number of

output voltage levels
• No charging current

spikes
• Usually require active

capacitor voltage
balancing

Switched-Boost
• Increasing output

voltage and number of
output voltage levels

• Rely on the volt-second
balance in inductors to
boost the input voltage

Fig. 2.4. An overview of the available extension techniques for DC-AC con-
verters.

2.1.3.1 Cascaded Technique

Alternatively, cascaded and interleaved extension techniques can be employed
to increase the number of output voltage levels, apparent output frequency,
and maximum voltage ratings of a converter. In the cascaded method, similar
cells are connected in series to synthesize a larger total output voltage. Some
cascaded converters might require multiple isolated DC sources to operate,
such as conventional cascaded H-bridge (CHB) topology [46], as shown in
Fig. 2.5(a). It should be noted that some of the cascaded structures require
only one DC source. For instance, a modular multilevel converter (MMC) [47]
can be operated with only one DC source. An MMC can be formed based on
many submodule structures. Among them, the half-bridge and full-bridge
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submodule topologies are the most common choices. As an exmaple, an
MMC with full-bridge submodules is depicted in Fig. 2.5(b). There are also
some hybrid variants of CHB converters that can be operated with only one
DC source without using HF isolation [48,49], or with the help of HF-isolated
DC-DC converters [50].

Moreover, differential converters also use a special case of cascaded tech-
nique to create more voltage levels and achieve a higher DC-link voltage
utilization. A simple H-bridge converter (see Fig. 2.3) can be considered as
one of the simplest differential DC-AC converters, formed by the differential
connection of two half-bridge cells. Another example of this type of convert-
ers is presented in [51], which synthesizes an AC output waveform using two
differentially-connected boost converters.

-+

+

-+

(a)

-+
+

(b)

Fig. 2.5. Conventional multilevel converters based on cascading technique:
(a) CHB [46]; (b) MMC [47].
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2.1.3.2 Interleaved Technique

The interleaved technique helps achieve a larger apparent output switching
frequency (or reduced switching frequency for a given apparent frequency)
in series (cascaded) and paralleled converter units. In fact, the carriers used
for modulation can be shifted in time with a particular phase shift in the
interleaved method. Through this technique, the effective number of output
voltage levels can be increased. In addition, a series connection enables
increasing the maximum output voltage, and a parallel connection allows for
a larger current handling capability of the converter. Consequently, using this
technique, scalable and modular structures can be formed. Fig. 2.6 shows
some examples of interleaved converters with parallel connections.

2.1.3.3 Switched-Capacitor Technique

The number of output voltage levels and voltage gain of a converter can be
extended using the switched-capacitor (SC) techniques. In this type of ex-
tension, one or more SC cells are added to achieve the required voltage levels
by series and/or parallel connection of the involved capacitors in the SC cells.
The main benefit of this technique is its flexibility and simplicity in reach-
ing a larger voltage gain and a higher number of voltage levels using fewer
active and passive devices. However, the capacitors are charged through volt-
age sources with low-impedance charging paths, resulting in large charging
current spikes, EMI, and reliability issues [53].

2.1.3.4 Flying-Capacitor Technique

This technique is based on the addition and subtraction of a capacitor volt-
age in the output current loop of a converter. It is important to emphasize
that both the charging and discharging paths of a flying capacitor are usu-
ally through inductive loops. Therefore, the charging of the flying capacitor
is smooth without any inrush spikes. Moreover, the voltages of the flying
capacitors might need to be balanced and controlled, actively or passively,
for a safe and stable operation under transients of the input source or the
load sides [54,55].

2.1.3.5 Switched-Boost Technique

Obtaining a dynamic voltage-boosting gain is a key feature in realizing single-
stage DC-AC converters for wide-varying DC sources. Switched-boost tech-
niques are based on the volt-second balance of an inductor to boost the DC
input voltage with the desired gain controlled by the boost duty cycle. The
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working principle of switched-boost circuits is closely related to the conven-
tional synchronous boost converter. However, in this case, the boost circuit
is merged with the level-generation circuits to reduce the component count
and improve the overall performance of the system [23,24].

2.1.4 Comparative Study

In this part, a few examples of notable multilevel converter topologies with
hybrid configurations are presented in Figs. 2.7 and 2.8. Moreover, a topology
comparison has been conducted and summarized, as shown in Table 2.2.

The topologies are organized into the following three main groups:

� Buck-Based

� Boost-Based

� Dual-Mode-Based

The selected buck-based converters are depicted in Fig. 2.7. Here, all the
topologies can generate a five-level (5L) output voltage waveform. In ad-
dition, some of the notable boost-based converters are shown in Fig. 2.8.
Furthermore, dual-mode converters have been included in this study as an
emerging concept realized in recently published works such as [56,57]. Fig. 2.9
shows a 5L dual-mode converter with midpoint clamp configuration and two
operating modes: 1) in the buck mode, the voltage gain is 0.5 and the circuit
is working based on the flying capacitor technique; 2) in the boost mode, it
provides a unity voltage gain based on a switched-capacitor technique [57].
A comparative study has been conducted for the mentioned topologies, and
the results are summarized in Table 2.2. In this study, topologies with dif-
ferent combinations of configurations and extension techniques have been
considered. Moreover, the comparative parameters are the number of output
voltage levels, the number of circuit components, MVS across switches and
capacitors and its uniformness, voltage gain, single-stage power conversion
capability for wide-varying DC sources, active capacitor voltage balancing
requirement, modulation type, the type of CMV and leakage current, and
bidirectional power flow handling capability.
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(b)
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(d)
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(e)

Fig. 2.6. Examples of single-phase interleaved DC-AC converters based on:
(a) conventional half-bridge topology; (b) conventional H-bridge topology; (c)
Siwakoti-H topology [52]; (d) T-type topology; (e) quasi Z-source topology
[16].
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(j)

Fig. 2.7. Buck-based multilevel converters: (a) Hybrid ANPC [58]; (b) SMC
[59]; (c) Hybrid CG [60]; (d) Hybrid CG [25]; (e) Hybrid CG [61]; (f) ABNPC
[62]; (g) Hybrid T-Type [26]; (h) Hybrid MC [63]; (i) Hybrid FC [64]; (j)
PUC5 [65].
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(f)

Fig. 2.8. Boost-based multilevel converters: (a) Hybrid ANPC [66]; (b)
Hybrid SB [67]; (c) Hybrid SB [68]; (d) Hybrid SB [27]; (e) Hybrid SB [24];
(f) Hybrid qZ-Source [69].
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Fig. 2.9. Dual-mode 5L converter [57].
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Fig. 2.10. Major control targets in power electronics converters.

2.2 Control and Modulation

This section focuses on the control aspect of DC-AC converters. More specif-
ically, the common control targets, controller types, and modulators in power
converters have been reviewed.

2.2.1 Control Targets

Most of power electronics converters require a closed-loop control system to
achieve their intended purpose in practice. In the context of smart grids and
grid-connected converters, the general control objectives can be categorized
into five groups as depicted in Fig. 2.10. These objectives are summarized
as follows:

� Zero Steady-State Tracking Error

The main objective of the control system is tracking the reference as
closely as possible within the limitations enforced by the plant or other
applicable constraints. Hence, a zero tracking error (deviation of the
controlled parameter from its reference) is desired. In DC systems with
constant references and disturbances, normally proportional-integral
(PI) or proportional-integral-derivative (PID) controllers are the pre-
ferred candidates due to their maturity, well-known behavior and design
methods. These controllers can achieve a zero tracking error with con-
stant references. However, in AC systems, they can cause considerable
phase and amplitude errors due to the time-varying sinusoidal nature of
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the references and disturbances. This tracking error can, in turn, cause
issues such as power quality and non-ideal power factor problems [70].

� Fast Dynamic Response

Power electronics converters can be found as a critical part of many
systems, such as EVs, renewable distributed energy resources (DERs),
battery energy storage units, industrial machines, etc. Therefore, to
achieve the required response time in the overall system, the involved
power converters must be able to follow the given commands and ref-
erences accurately and quickly. For instance, in EV charging stations,
specialized power converters are required to compensate for large charg-
ing load transients in a safe and swift manner to maintain the grid
stability and power quality [71, 72].

� Ripple Reduction

In many practical applications, it is desired to reduce the ripple on the
critical voltages/currents to improve the power quality and power effi-
ciency of the system. Furthermore, ripple reduction techniques allow
using smaller passive components in power circuits, leading to more
compact and potentially more affordable systems for broader applica-
tions [73, 74]. Moreover, undesired ripples can accelerate the degrada-
tion of some components, including batteries, fuel cells, capacitors, or
even power semiconductors [75, 76].

� Low Harmonic Distortion

Harmonic distortion is one of the well-known unwanted phenomena in
AC and DC power circuits and systems. Ideally, in AC systems, the
voltages and currents are expected to have a pure sinusoidal shape at
the fundamental frequency only. Similarly, in DC systems, only DC
voltages and currents should be present in the ideal case. Any ad-
ditional oscillating component might cause some issues in the system
itself or in the neighboring systems. For example, harmonics can in-
crease the power losses in AC transformers and motors [77, 78].

� Constrained Switching Frequency

Operating a power converter with a fixed switching frequency or varying
switching frequency within a limited range helps to optimize the design
parameters of the hardware and controllers. Moreover, it simplifies the
power loss estimation process, especially for switching loss calculations.
In addition, a constrained switching frequency results in predictable
and almost constant voltage/current spectra in the frequency domain.
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This can facilitate the filter design for the converter’s input and output
power ports [79].

As can be seen, some of the above-mentioned targets might not be com-
patible with each other. For instance, achieving low harmonic distortion
might require a slower dynamic response. One of the challenging parts of the
controller and modulator design process for power converters is to find and
decide about these tradeoffs based on the application’s requirements.

2.2.2 Controller Types

In most practical applications, power electronics converters need a controller
unit to realize the intended goals by moving the operating points to the
desired values within a closed-loop configuration. One of the possible ap-
proaches for categorizing the controllers for power converters is based on the
presence of a modulator in the system [80]:

� Controllers with External Modulator: In this type, the controller
generates a continuous control input (usually duty cycles) to regulate
the desired outputs based on the averaged model of the power con-
version system. Therefore, this control input belongs to a continuous
control set (CCS). Because direct implementation of a continuous sig-
nal with a switching-based power converter is not feasible, a modulator
is converting the duty cycles generated by the controller to the gate
switching signals. A modulator normally is operating based on com-
paring a carrier signal (usually a triangular or a sawtooth waveform)
with the modulation reference input. The main benefit of using a mod-
ulator is achieving a fixed or constrained switching frequency with a
known spectrum in the frequency domain.

� Controllers without Modulator: It is possible to control a power
converter directly without adding a modulator to the system. In this
case, the control input is the gate signals (states of the power switches),
which belongs to a finite control set (FCS). In this approach, an instan-
taneous dynamic model of the converter is used to design the controller.
Therefore, a better dynamic response can be achieved compared to the
average models. However, the spectra of the generated voltages are
spread within a wide range of frequencies.
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(a)

(b)

Fig. 2.11. Controller types: (a) controller with an external modulator; (b)
controller without modulator.
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2.2.3 Modulators

As mentioned above, a continuous control input needs to be translated into
the switching pulses to be applied to a switching power converter using a
modulator to synthesize a required converter output voltage. Many modu-
lation methods have been proposed in the literature for different goals and
applications. Among all, pulse-width modulation (PWM) is the most com-
monly used modulation technique in power converters. More specifically,
PWM methods can be classified into three major groups:

2.2.3.1 Carrier-Based PWM

In this category, the modulation reference input is compared to a carrier
signal and the result of the comparison is used to trigger the switches in a
power converter. There are several variants of carrier-based PWM methods
available in the literature, including sinusoidal PWM (SPWM) [81], trape-
zoidal PWM [82], zero-sequence PWM [83], and spread-spectrum PWM [84].
Among them, SPWM is the simplest method that is used in many low-
and medium-power applications due to its acceptable performance and low
computational cost. Zero-sequence PWMs are well-known for reducing the
DC-link voltage requirement in three-phase systems by synthesizing a zero-
sequence voltage in each phase [83]. In addition, spread-spectrum PWMs are
developed to spread the high-frequency (switching) harmonics over a narrow
frequency band to suppress the conducted and radiated emissions and mit-
igate EMI-related issues [84]. Furthermore, multi-carrier-based PWMs can
be employed for controlling multilevel converters. The carrier-based PWM
methods for multilevel converters can be categorized into three main groups:

� Level-Shifted-PWM (LS-PWM): In an LS-PWM, the modulation
reference is compared to a set of vertically shifted carriers, as shown in
Fig. 2.12(a). In LS-PWM, the apparent output frequency is equal to
the carrier frequency. However, the average frequency of every switch
over a fundamental cycle is lower than the carrier frequency in this
type of modulation. Moreover, each power switch might present a
different commutation frequency, which leads to an uneven power loss
distribution. Generally, all multilevel converters can be controlled with
the LS-PWM method [85,86].

� Phase-Shifted-PWM (PS-PWM):On the other hand, in PS-PWM,
the modulation reference is compared to a set of horizontally shifted
(shifted in time or phase), as indicated in Fig. 2.12(b). In this modu-
lation, the apparent output frequency is a multiple of the carrier fre-
quency. In addition, the average frequency of every switch is equal
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to the carrier frequency. It should be noted that using PS-PWM is
only possible for some particular converters with redundant switching
states, at least for one output voltage level. Consequently, it cannot be
applied to every multilevel converter [87].

� Hybrid PWM: By combining the LS-PWM and PS-PWM methods,
hybrid modulation methods can be designed and tailored for a wider
range of multilevel converters with less redundant switching states. An
example of a hybrid modulation is shown in Fig. 2.12(c). Since hybrid
modulation methods are based on a combination of PS-PWM and LS-
PWM, the characteristics of the modulator and the resultant spectrum
of the unfiltered output voltage are highly dependent on the modula-
tor’s internal configuration [88].

2.2.3.2 Space-Vector PWM (SVM)

This modulation is created for three-phase two-level (2L) and multilevel con-
verters. In the SVM method, the redundant switching states in the vicinity
of the desired output voltage reference vector in the abc or αβ frames are
used to synthesize the requested output voltage. To do so, each identified
(selected) switching state is applied to the converter for a specific (calculated)
fraction of the sampling time [89, 90]. The selection criteria for the switch-
ing states depend on the objectives of the modulation. These objectives can
be reducing power losses, CMV, or output ripples [91]. The SVM concept
also can be extended to be applied to multi-phase systems, as presented
in [92,93]. An important point here is that although SVM and carrier-based
PWM methods are using different approaches, it is possible to achieve ex-
actly the same results as SVM by modifying the modulation references in
carrier-based modulations [94].

2.2.3.3 Optimal PWM

To achieve good harmonic and dynamic performance in high-power convert-
ers with low switching frequencies, optimal PWMmethods can be utilized. In
this group of modulations, the number of switching commutations in a funda-
mental cycle is fixed, and the exact time for each commutation is determined
through an optimization process. The main objective for such optimization
is usually shaping the output voltage spectrum of the converter by control-
ling the low-frequency (LF) harmonics [95]. In addition, other objectives,
such as voltage balancing and CMV reduction, can be incorporated into the
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Fig. 2.12. Carrier-based PWM methods for multilevel converters: (a) LS-
PWM; (b) PS-PWM; (c) Hybrid PWM.
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optimization problem as well [95,96]. The main benefit of using such modu-
lation methods is having direct control over the voltage/current harmonics to
ensure compliance with the grid codes [80]. Some of the variants of optimal
PWM are selective harmonic elimination (SHE) [97, 98], selective harmonic
mitigation (SHM) [99,100], and optimal pulse pattern (OPP) [95,96].

2.2.4 Control Strategies for Grid-Connected Inverters

In this part, a brief overview of the available control strategies for grid-
connected inverters is presented. Looking from the design perspective, the
grid-connected inverter controllers can be categorized into two major groups:

2.2.4.1 Frequency-Domain-Based Controllers

Frequency-domain-based controllers are designed based on the transfer func-
tion of the plant for single-input single-output (SISO) systems in the fre-
quency domain. This group of controllers is the most common controller
type used in many power electronics converters due to their robustness,
predictable dynamic response, fixed switching frequency, acceptable perfor-
mance, mature design techniques, and easy implementation in practice. It is
worth mentioning that this type of controller needs an external modulator
(e.g., PWM) to generate the required gate signals. For the control system
design, the effects of the modulator can be neglected when the switching fre-
quency is high enough. Therefore, a generic closed-loop control system can
be formed as shown in Fig. 2.13. Here, C(s) and Go(s) are the controller and
plant transfer functions in the frequency domain, respectively. Additionally,
r, u, and y are the reference (to be tracked), control input, and the system’s
output, respectively. Moreover, ηi is the input disturbance and ηo is the out-
put disturbance in the system. Consequently, the output of the closed-loop
system shown in Fig. 2.13 can be expressed as:

y(s) = T (s)r(s) + S(s)ηo(s) + Si(s)ηi(s) (2.1)

where T (s) is the tracking transfer function, and S(s) and Si(s) are the
output and input sensitivity transfer functions which indicate the disturbance
rejection performance of the controller. The expressions for the mentioned
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Fig. 2.13. A block diagram view of a generic closed-loop control system.

transfer functions are calculated below:

T (s) =
C(s)Go(s)

1 + C(s)Go(s)
(2.2)

S(s) =
1

1 + C(s)Go(s)
= 1− T (s) (2.3)

Si(s) =
Go(s)

1 + C(s)Go(s)
= Go(s)S(s) (2.4)

As can be realized from (2.2)-(2.4), in an ideal closed-loop system, T (s) =
1 and S(s) = 0. However, in practice, this condition usually can be achieved
only for a limited frequency range. It should be noted that for a given plant
Go(s), the controller C(s) affects T (s), S(s), and Si(s) transfer functions and
they cannot be changed independently.

Since most of the modern power converters are based on digital con-
trollers, the obtained controllers designed in frequency-domain assume a
continuous-time domain, they must be transformed into a discrete-time form
using discretization methods. Some of the well-known discretization methods
are zero-order hold (ZOH), Tustin, forward Euler, and backward Euler [101].

2.2.4.1.1 PI Controller

The basic frequency-domain-based controller is the PI controller, which con-
sists of a scalar gain and an integrator. The transfer function for a PI con-
troller is given by:

CPI(s) = Kp +
Ki

s
(2.5)

To illustrate how the controller can be analytically design, a generic form
of a first-order plant transfer function is considered as:

Go(s) =
Ko

τos+ 1
(2.6)

As can be seen from (2.5), the total controller gain at DC (i.e., s = 0)
is infinite. Therefore, using (2.2) and (2.5), it can be concluded that the
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tracking error approaches zero, and perfect tracking can be achieved for DC
references.

Considering (2.2), (2.5), and (2.6), the resultant closed-loop system can be
expressed as a second-order system. Hence, by choosing the desired closed-
loop system characteristics (i.e., natural frequency ωn and damping factor
ζ), the coefficients of a PI controller to govern a first-order plant can be
expressed as follows [80]:

Ti =
2ζ

ωn

− 1

ω2
nτo

(2.7)

Kp =
ω2
nτo
Ko

Ti (2.8)

Ki =
Kp

Ti

(2.9)

Since the PI controller only can track DC references with zero steady-
state error [i.e., S(0) = 0], it cannot be used for tracking AC references
directly. However, in a synchronous reference frame (dq), AC signals will
be translated to DC values, and PI controllers can be employed to control
the injected active and reactive power into the grid. In this case, a phase-
locked-loop (PLL) is required to extract the phase information for the dq/αβ
transformations. A simplified block diagram for such a controller is shown
in Fig. 2.14(a).

2.2.4.1.2 Proportional-Resonant Controller

As mentioned before, PI controllers cannot perfectly track AC references
due to their finite gain. This issue can be addressed by designing resonant-
based controllers. In this case, the transfer function of the controller has a
resonant frequency and infinite gain at the nominal fundamental frequency
(ω0). Therefore, perfect tracking and zero steady-state error can be achieved
for AC references [101].

One of the possible approaches for designing a resonant controller is to
transform a pre-designed PI controller to a resonant-based form as suggested
in [102]. The resultant transfer function of such a proportional-resonant (PR)
controller can be expressed as follows:

CPR(s) = Kp +
2Kis

s2 + ω2
0

(2.10)

where Kp and Ki are the coefficients of the pre-designed PI controller, and
ω0 is the resonant angular frequency of the PR controller.
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(a)

(b)

Fig. 2.14. Simplified block diagram view of conventional frequency-domain
control strategies for grid-connected inverters: (a) PI controller; (b) PR con-
troller.

As can be realized from (2.2), (2.10), and (2.6), the steady-state tracking
error will be zero only for the references with the frequency of ω0. Moreover,
any disturbance at ω0 in the closed-loop system will be perfectly rejected
due to the infinite controller gain at its resonant frequency [70]. A simplified
block diagram for such a controller is shown in Fig. 2.14(b).

2.2.4.2 Time-Domain-Based Controllers

In this category, the design and implementation procedure is based on a time-
domain dynamic model of the system. The simplest controller in this group
is the hysteresis controller. In this controller, the current is compared to its
desired value (reference), and the control input is decided by the comparison
result. In practice, an error band is considered to limit the switching fre-
quency and prevent unnecessary commutations of the power switches [103].
The main benefits of this controller are its fast response time, robustness
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against system parameter changes, and simple structure [103]. However, it
has some drawbacks, such as variable switching frequency, noise sensitivity,
and uncontrolled bandwidth [80]. There are some published works that tried
to address the mentioned issues. For example, in [104], a fixed switching
frequency is achieved through dynamic estimation and adjustment of the
hysteresis bands.

One of the basic time-domain-based controllers is the state feedback con-
troller (SFC). In this control strategy, the control inputs are determined as
linear combinations of the error signals [101, 105]. Although this controller
can achieve a fast dynamic response, including the control input and state
constraints is not straightforward in this controller. Moreover, tuning the
gain parameters is usually done using the pole placement approach. The pole
placement method is based on placing the poles of the closed-loop transfer
function at specific locations on the complex plane by normally selecting two
dominant poles to achieve the desired behavior. However, using this method
for systems with a large number of states might be complicated and not
necessarily optimal [101].

To address the tuning issue of the SFC method, the linear quadratic
regulator (LQR) method was introduced. Although the controller structure
is similar to SFC, the method used to obtain the gain parameters is different.
In fact, the LQR approach can deal with a larger number of states while the
controller parameters can be obtained optimally by solving the algebraic
Ricatti equations [101,106].

Another type of model-based controller is the deadbeat controller, which
tries to reach the reference in the next sampling time. Hence, deadbeat
controllers usually have very quick response times, and their implementation
is relatively simple. However, unrestricted control bandwidth makes these
controllers sensitive to delays, errors, and uncertainties in the measurements
and the models [107].

2.2.4.2.1 Model-Predictive Controller

Model-predictive control (MPC) is a nonlinear optimal control method in
which the optimum set of control inputs is obtained subject to the system’s
model and control input and state constraints [46]. There are two main types
of MPC-based controllers:

� FCS-MPC: In this type, the control inputs are directly the switching
pulses or switching voltages in a power converter. Hence, the number
of possible control inputs is finite, and a modulator is not required
in this method. Consequently, the instantaneous model of the system
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is used to predict the system’s states in the next sampling times for
each possible member of the input control set. Although it has a fast
dynamic response and straightforward implementation, the switching
frequency in this method is not constant due to the absence of the
modulator [108,109].

� CCS-MPC: To address the variable switching frequency in the FCS-
MPC method, a modulator can be added to the control system, and
the controller generates a continuous control input as the modulation
reference signal. In this case, the average model of the system is used
to predict the system’s states in the next sampling times [29,46].

It is important to note that there are other time-domain-based controllers
that can be utilized in power electronic converters including bu not limited
to sliding-mode controller (SMC), fuzzy logic controller, and neural-network-
based controller [110,111]. However, those control approaches are not covered
in this work due to scope and time constraints.

2.3 Design Challenges in Grid-Connected In-

verters

The integration of renewable energy sources and energy storage units into
smart grids require AC-DC and DC-DC power converters. Moreover, the
interactions of EVs with the grids (e.g., V2G and G2V) can significantly
impact the performance of smart grids. Considering AC grids as the major
type of the current electricity networks, grid-connected inverters are one of
the essential components in smart grids due to their vast applications. In
the power electronics field, researchers focus on deriving new advantageous
circuit topologies as well as control systems. However, for grid-connected
inverters, there are particular challenges that need to be addressed to obtain
a suitable power conversion system that meets the application requirements.
In the following, some of the identified design challenges in grid-connected
inverters in terms of circuit topology and control are provided.

2.3.1 Grid Filter Size and Power Quality

Most inverters for grid-connected applications are built based on conventional
3L topologies and SPWM methods to address the leakage current and CMV-
related issues, reduce the total cost of the whole system, reduce the losses,
and improve the power density of the converter while meeting the power
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quality standards. In this regard, the output characteristics of a grid-tied
inverter have a significant impact on its filtering requirement on the AC
side. Generally, AC filters for grid-connected converters should have both
differential and common-mode attenuation. The differential filtering mostly
suppresses the high-frequency harmonics in the inverter’s differential output
voltage and improves the THD of the injected current into the grid. On
the other hand, the main aim of common-mode filtering is to attenuate the
leakage currents caused by the generated CMV [112].

In terms of injected current quality, grid codes require a maximum allow-
able THD value. For instance, the IEEE 519-2014 standard [113] mandates
a THD value lower than 5%. Assuming a proper controller and a simple L-
type grid-interface filter, the grid current quality mostly depends on the AC
differential filter impedance, the apparent output frequency of the inverter,
and the number of output voltage levels, as expressed below [40]:

∆ip−p
g =

VDC

(n− 1)2fswLg

(2.11)

where, ip−p
g is the peak-to-peak value of the high-frequency current ripple

of ig passing through Lg, n is the number of output voltage levels, fsw is
the apparent output frequency of the inverter, and VDC is the total DC-link
voltage of the inverter. As can be realized from (2.11), increasing the number
of levels and/or the apparent output frequency of the inverter can reduce the
size of the grid-interface filter significantly. Consequently, this leads to a more
compact filter with smaller equivalent series resistance (ESR), resulting in a
higher efficiency.

Another important aspect of grid-connected inverters is the generated
CMV and leakage current. The maximum allowable root-mean-square (RMS)
leakage current is restricted by several grid codes (e.g., VDE-AR-N 4105,
IEC 60755, VDE 0100-410, and VDE 0100-721). The leakage current can
be reduced or even virtually eliminated through various solutions based on
circuit topology, modulation, and passive or active common-mode filters.
Some of the proposed inverter topologies are specifically designed to mini-
mize CMV variations and leakage currents. For instance, midpoint clamp-
based [27,32,59] and NPC-based [20,62] topologies only exhibit an LF CMV,
which in turn creates small leakage currents due to the relatively small values
of the parasitic capacitances. Another group of topologies that generate a
small leakage current is constant CMV configuration, which generates a con-
stant CMV at any output voltage level [36, 37, 114]. Furthermore, common-
grounded (CG) inverters generate virtually zero CMV and very small leakage
currents [23–25]. It should be noted that a common-mode or split filter is still
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required for the constant CMV inverters. However, common-mode filtering
might be omitted for midpoint clamp-based and CG-based inverters.

2.3.2 Non-Ideal Grids and Voltage Harmonics

The grid voltage in real-life conditions might be distorted with LF harmon-
ics due to unbalanced loads, unbalanced faults, and non-linear loads such as
diode-bridge rectifiers. In this case, a grid-connected inverter should be able
to still inject a sinusoidal current into the distorted grid to comply with the
grid codes and prevent detrimental effects on the grid [113, 115]. This can
create some challenges in terms of grid synchronization and also current ref-
erence generation. Conventionally, a PLL is used to synchronize the inverter
with the grid voltage and extract the amplitude and phase information. This
information is usually required for generating the grid current reference [116].
It should be noted that it is possible to synchronize the inverter with the grid
without using a PLL [117]. Nevertheless, non-ideal grid conditions such as
high grid impedance (weak grid), voltage harmonics, and unbalanced volt-
ages in three-phase systems can negatively impact the performance of the
synchronization method and power quality of the system [118–120].

2.3.3 Scalability and Modular Structure

One of the desired practical features for industrial inverters for smart grids
is having a modular structure. This helps to reach the required voltage/cur-
rent/power levels without redesigning the whole system. Moreover, is more
economical to use similar modules to build a wide range of different inverter
systems. In this case, the whole manufacturing process for the modules can
be extensively optimized [46]. In addition, a modular structure facilitates
maintenance and repair procedures in large inverters. Cascading and par-
alleling converters are commonly used to achieve modular systems. In a
cascaded approach, the power level can be increased by increasing the total
output voltage through the series connection of the modules [46, 47]. How-
ever, this approach might require multiple DC sources and compensation for
unbalanced DC voltages [121, 122]. Similarly, the parallel connection of the
modules can be used to increase the power by upscaling the total current
rating of the inverter [123].

On the other hand, the interleaving technique allows for increasing the
effective number of output voltage levels by using the PS-PWM technique.
This method can be applied to both cascaded and paralleled modular con-
figurations [121,123].
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Another aspect of inverters with modular structures is the capability
to operate under unbalanced voltage/current/power conditions. Through
a proper control strategy, this feature can be leveraged to implement active
thermal control methods and improve the reliability and lifetime of the whole
inverter [124,125].

2.3.4 Power Decoupling

The so-called power decoupling approaches, i.e., active (APD), or passive
(PPD) are mandatory tasks for such a single-phase grid-tied system. Through
the PPD solutions, the physical size of the passive elements, i.e., input boost
inductor or DC-link electrolyte capacitor of the inverter stage, might be large
and heavy, which in turn sacrifices the power density and reliability of the
entire system [126–128]. On the contrary, the idea of APD control is to divert
the LF ripple content of the input current of the front-end DC-DC bidirec-
tional boost converter to another energy storage element, i.e., the DC-link
capacitor voltage of the inverter stage [28, 129, 130]. Alternatively, an APD
control can be implemented using a dedicated buffer converter inserted be-
tween the DC source and the inverter stage [131,132], or integrated into the
DC-DC front-end bidirectional boost converter [133]. In both cases, the size
of the energy storage elements can be kept low, while a good trade-off be-
tween the overall efficiency and power density can be achieved. Nonetheless,
the major drawback of implementing an APD is the requirement of another
power processing stage, i.e., the dedicated DC-DC front-end boost converter
or an additional/external buffer converter. This further hinders overall effi-
ciency improvement of the whole system and can cause reliability and low
power density issues [127,128,134].

Conversely, single-stage boost-integrated inverters have been recently put
forward in which they can boost the DC input voltage and synthesize an
AC voltage at the output simultaneously. As shown in Fig. 2.15, with the
integration of an APD control, an efficient energy conversion process for both
PV and EV grid-connected applications is achievable. The single-stage 2L
converters proposed in [135–138], the single-stage three-level (3L) buck-boost
inverter presented in [139], and the single-stage common-grounded 3L boost
inverter proposed in [140] are some of the recently rehearsed ideas with the
possibility of an integrated APD control. Even though they are using a low
number of semiconductors, the output voltage of these single-stage inverters
is only 2L or 3L, and their voltage boosting ability is limited within a certain
range, while bidirectional power flow performance is not possible due to the
presence of the diode in their circuit design. Moreover, within a single-stage
control design, the presence of grid voltage harmonics, which is usual in many
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Fig. 2.15. The differences in energy conversion process between the conven-
tional two-stage and boost-integrated single-stage DC-AC power converter
architectures with APD control capability.

real applications, has not been adequately explored yet.

2.3.5 Single-Stage Dynamic Voltage Boosting and Bidi-
rectional Power Flow

Power electronic converters with single power processing DC-AC stage have
been recognized as efficient, compact, and attractive solutions during the lat-
est years for the newly-developed renewable-energy (RE)-based systems [9].
This concept is motivated by targeting some shortcomings associated with
the two-stage DC-AC converters, such as lower overall efficiency, larger num-
ber of required components, lower feasible range of output voltage gain,
higher manufacturing cost, and lower overall power density [10, 11]. Con-
sidering the dynamic voltage gain of the commercially available two-stage
DC-AC power conversion systems, the above-mentioned setbacks can be im-
proved through the integration of the front-end DC-DC boost stage with a
two or three-level (3L) voltage source inverter (VSI) [141–143].

The evolution process of these types of converters has been initiated by
developing some single and three-phase circuit configurations such as the Z-
source/quasi Z-source inverters (ZS/qZSIs) [19, 144], and the so-called split-
source VSIs (SS-VSIs) [39, 145–149]. The inverter output voltage of the
ZS/qZSIs [19,144] and SS-VSIs presented in [145,146] is a 2L waveform, while
through the adjustment of the boost duty cycle, a flexible (dynamic) output
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voltage gain can be achieved. In [145,146], some power diodes instead of ac-
tive power switches are employed, which inhibits the bidirectional power flow
operation, e.g., power conversion from the DC power source to the grid/load
and vice versa. The improved versions of SS-VSIs presented in [147,148] only
provide a 2L waveform but with a bidirectional power flow capability and the
same overall voltage conversion gain as presented in [145,146]. The presented
SS-VSIs in [149] and [39] are other recently developed topologies in this con-
text, which can generate a 3L output voltage waveform with a bidirectional
power flow feature using six and five power switches, respectively.

Alternatively, similar to [149] and [39], the SS-VSIs presented in [150,151]
achieve single-stage power conversion as well, which helps to improve the
power density and overall efficiency of the converter. However, all these
SS-VSIs only offer a 2L or three-level (3L) output voltage waveform which
results in a large AC filter or a degraded power quality. The low number of
inverter output voltage levels, variable high-frequency CMV [152] with severe
leakage current propagation issue for grid-connected PV applications, limited
maximum practical output voltage gain [146], and significant voltage stresses
across switches in the higher range of demanded boost gain are some associ-
ated shortcomings of these single-stage VSIs, which imbibe further attention
for the future research development in this spot.

Hence, in the case of grid-tied inverters, a dedicated front-end DC-DC
boost stage is usually needed to smooth the input current of such converters
and to provide a dynamic voltage gain for the whole system. A 3L-CG-based
VSI with virtually no leakage current propagation issue and dynamic output
voltage gain has been recently introduced in [153, 154]. In this design, a
single DC source is integrated into a single-stage DC-AC circuit configuration
using five switches. By using only switches and the absence of diodes, such
design broadens its applications since bidirectional power flow operation is
made possible. This single-stage dynamic-boost CG-based VSI has further
been developed in [155,156] to generate a 5L output voltage waveform, which
results in reduced output filter size and better performance in terms of THD.
The conceptualized approach in both [155] and [156] is based on maintaining
the basic CG feature to alleviate the leakage current propagation issue using a
dual T-type cell and two floating capacitors, but at the expense of additional
power switches.

Furthermore, a dynamic voltage-boosting gain facilitates handling DC
sources with wide-varying voltages (e.g., PV panels under changing irradi-
ances), maximizing the modulation reference to generate the maximum num-
ber of voltage levels at the AC side and improving the power quality of the
inverter. In addition, for battery-based systems, a bidirectional power flow
is essential to charge and discharge the battery when required and handle its
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voltage variations accordingly.

2.3.6 Research Gaps

Based on the conducted literature review, the following gaps have been iden-
tified:

� Only a few single-stage boost multilevel inverter topologies capable
of generating more than three voltage levels have been found in the
literature that can support APD feature. They are either SC-based
topologies that suffer from the inrush charging currents, or MC-based
that need extra voltage sensors for the DC-link voltage balancing and
large DC-link capacitors in single-phase applications.

� The number, size, and cost of the required components of the available
single-stage boost multilevel inverter topologies with integrated APD
capability limit their utilization for cost-sensitive and residential appli-
cations. There is a potential for topologies with fewer components and
similar functionalities and performance.

� No APD control strategy for single-stage 5L inverters has been found
in the literature. The available solutions are only based on 2L or 3L
topologies. Having a higher number of output voltage levels can poten-
tially reduce the AC output filter size and improve the power efficiency
and density.

� No APD control strategy for single-stage multilevel converters has been
found that can maintain a flat DC input current and high AC power
quality and low THD under distorted grid voltage with low-frequency
harmonics. This is particularly important for practical applications,
where the grid voltage is not purely sinusoidal and contains some har-
monics.

� No APD control strategy for single-stage multilevel grid-connected con-
verters has been found in the literature that can dynamically adjust
the tradeoff between the voltage stress and the DC input current rip-
ple without directly sensing or controlling the instantaneous capacitor
voltage.

� The potential of interleaved multilevel converter structures as fully-
modular grid-connected solutions has not been adequately studied in
the literature and an in-depth and analytical analysis of the high-
frequency input and output ripples is a critical yet mostly overlooked
aspect in this category of multilevel converters.
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Chapter 3

A Single-Source Single-Stage
Switched-Boost Multilevel
Inverter

This chapter presents a novel single-source single-stage switched-boost multi-
level inverter with several derived extended topologies. Moreover, a modified
non-linear PS-PWM is used to improve the dynamic voltage gain. This al-
lows using wide-varying low-voltage DC sources such as batteries, fuel-cells,
or PV panels interfaced to standard AC grids within a single power processing
stage.

3.1 Introduction

Motivated by the importance of single-stage boost DC-AC converters with
a multilevel output voltage waveform and reduced CMV/stress on devices,
a new single-source single-stage switched-boost 5L (S5B5L)-VSI is presented
in this work. The proposed topology is comprised of nine power switches,
a single inductor, and two self-balanced capacitors and offers the following
features:

� Extended circuit capability with large dynamic voltage conversion gain
over a wide range of DC input voltage variations.

� Lower number of required passive elements with a relatively small size
in comparison to the recently developed boost-integrated inverters,
which results in a compact design with high power density.

� Bidirectional power flow capability.
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� Uniform and reduced value of the maximum voltage stress across all
the switches.

� Reduced value of the CMV per each output voltage level, which is equal
to one-quarter of the maximum inverter output voltage in a per-unit
scale.

� Continuous and spike-free input current, which further enhances the
range of its possible applications.

� Ability to be modulated with a hybrid PS-PWM technique. This en-
ables the converter to double the effective switching frequency in the
5L inverter output voltage spectrum leading to higher quality output
power with lower overall THD and filter-interface size.

� CG-based feature of the three-phase 3L circuit extension effectively
eliminates the leakage current which is highly desirable in RE-based
applications.

In the following sections, working principle, theoretical analysis, and sim-
ulation and experimental results of the proposed converter are provided.

3.2 Proposed S5B5L-VSI

The overall structure of the proposed S5B5L-VSI is illustrated in Fig. 3.1.
As can be seen, the proposed topology is comprised of a single DC source
with a fixed DC voltage, Vdc, that can be provided through any type of RE-
based sources such as PV arrays or fuel cells, a single input inductor, Lin,
and nine power switches configured as two differentially-connected quasi H-
bridge (QHB) cells. Each of these QHB cells needs a floating capacitor, e.g.,
Ca, and Cb. A simple L-type filter split in two parts as Lg/2 in live and
neutral sides of the grid is used as the grid interface. To convert Vdc to a
boosted voltage across the capacitor of each QHB cell, S1 is triggered by a
high-frequency pulse with a DC (constant) duty cycle. Similar to the SS-
VSIs, the voltage across both capacitors is balanced at the boosted voltage,
VCa = VCb

= VC = Vdc

1−D
, where D is the DC duty cycle of the switch S1.

Considering VC as the steady-state boosted voltage across the capacitors,
three possible output voltage levels, e.g., +VC , −VC , and zero can be con-
verted by each of the upper and lower sides of the proposed inverter. The 3L
output voltages of the upper and lower QHB cells are named as va and vb,
respectively. Having taken the QHB cell A of the proposed S5B5L-VSI with
different switching status of the switch S1, the list of ON switching states as
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well as the status of Lin (charging or discharging) to generate a 3L output
voltage waveform for va is tabulated in Table 3.1. As can be observed, Lin is
regularly charged and discharged during the zero and +VCa output voltage
levels, while it has to be always charged during the conversion of −VCa to
the output voltage.

-
+

+

+

Fig. 3.1. The proposed S5B5L-VSI.

Table 3.1
Switching states and corresponding output voltage generation in a QHB

cell of S5B5L-VSI.

Switching
States

ON-State
Switches

Input Inductor
Status

va

1 S1, S3a, S4a Charging +VCa

2 S2a, S3a, S4a Discharging +VCa

3 S1, S3a, S5a Charging 0

4 S2a, S3a, S5a Discharging 0

5 S1, S2a, S5a Charging −VCa
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Fig. 3.2. Current flowing paths of the proposed S5B5L-VSI at (a) vinv =
0 (Lin: Charging), (b) vinv = 0 (Lin: Discharging), (c),(e) vinv = +VC

(Lin: Charging), (d) vinv = +VC (Lin: Discharging), (f),(g) vinv = −VC

(Lin: Charging), (h) vinv = −VC (Lin: Discharging), (i) vinv = +2VC (Lin:
Charging), (j) vinv = −2VC (Lin: Charging).

46



Table 3.2
Working principle of the proposed S5B5L-VSI

Switching
States

va vb vinv vCM

1 +VCa −VCb
VCa + VCb

= 2VC 0

2 +VCa 0 VCa = VC +VC/2

3 0 −VCb
VCb

= VC −VC/2

4 0 0 0 0

5 0 +VCb
−VCb

= −VC +VC/2

6 −VCa 0 −VCa = −VC −VC/2

7 −VCa +VCb
−VCa − VCb

= −2VC 0

The working principle of the entire system is shown in Table 3.2, while
the current flowing paths of the proposed inverter at unity power factor in
each of the switching states are shown in Fig. 3.2. Here, the charging/dis-
charging currents of the boost inductor are highlighted in red, and the grid
currents are shown with blue lines. It is worth mentioning that during the
discharging period of Lin, the two capacitors will be connected in parallel
with four power switches in the path. Although these switching states might
cause additional current stress on the power components, the amplitude of
the potential current spike in this case is limited through the path resis-
tance, 4Rds(on) + 2rC , where rC is the ESR of the capacitors. Moreover,
the high operating frequency limits the maximum instantaneous voltage dif-
ference between the two capacitors. Therefore, the circuit operation is not
impacted significantly by the parallel connection of the capacitors in some
of the switching states. It also is evident in the simulation and experimental
results.

The instantaneous output voltage of the proposed inverter is vinv = va−vb.
Hence, the possible values of the inverter output voltage can be listed as
follows:

vinv ∈ {−2VC ,−VC , 0,+VC ,+2VC}. (3.1)

Similar to the performance of one QHB cell with the switch S1, Lin can
be charged or discharged when the converter is generating −VC , 0, and +VC

voltage levels. However, this is not possible for the case when vinv = ±2VC ,
since the switch S1 has to remain in the ON state. In Table 3.2, the CMV
instantaneous value, vCM = va+vb

2
, has also been included, in which its peak

value is varied within one-quarter of the peak inverter output voltage. This
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can significantly alleviate the leakage current concern associated with some
applications like grid-tied PV-integrated systems. Considering the split L-
type filter used in the live and the neutral side of the grid, and regarding
the high switching operation of the proposed converter, the impedance of the
common-mode resonant path appearing between the grid and the DC input
source can be increased sufficiently. Hence, with such an alleviated CMV and
large common-mode impedance, the leakage current of the proposed topol-
ogy can be reduced to an acceptable range [157].

The modulation scheme of the proposed S5B5L-VSI is based on a modified
PS-PWM technique to attain the maximum output voltage conversion gain
for the fundamental component of the inverter output voltage. This type of
modulation with the resultant gate switching pulses and the output voltage
of each QHB cell are illustrated in Fig. 3.3. Here, an absolute function of
a piece-wise sinusoidal reference, d(t), is defined to be compared with two
phase-shifted triangular carriers named as Aa and Ab. During a positive
half-cycle, Aa and Ab are used to handle the upper and lower QHB cell
switches, respectively. Conversely, in a negative half-cycle, this process is
reversed. Therefore, Aa and Ab are used to commute the lower and upper
QHB cell switches, respectively. Particularly, the switch S1 is triggered with
a constant DC duty cycle, D. This PWM pulse is achieved by comparing
D with Ab. Moreover, the triggering pulses of S2a and S2b are obtained by
comparing d(t) and D with the carriers as they are involved in both voltage
boosting and AC output voltage generation processes. The gate pulses of the
rest of the switches are generated by comparing d(t) with the carriers. As
mentioned earlier, to generate output voltage levels vinv = ±2VC , switch S1

must be ON. Hence, the maximum fundamental component of the proposed
S5B5L-VSI output voltage is expressed as follows:

Vmax =

(
1 +D

1−D

)
Vdc. (3.2)

From (3.2), the fundamental component of the desired output voltage can
be found as:

v⋆ab(t) = mVmax sin(ωt) = Vmaxu(t) (3.3)

where, m ∈ [0, 1] is the modulation index, ω is the fundamental angular
frequency of the output voltage, and u(t) ∈ [−1, 1] is the inverter voltage
control signal in per-unit scale. Therefore, taking (3.2) and (3.3) into account,
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d(t) can be expressed via:

d(t) =



(1 +D)
u(t)

2
, u(t) ∈ [− 2D

1 +D
,

2D

1 +D
]

(1 +D)u(t)−D, u(t) ∈ (
2D

1 +D
, 1]

(1 +D)u(t) +D, u(t) ∈ [−1,− 2D

1 +D
).

(3.4)

The transition times, t1-t4, indicated in Fig. 3.3 can be defined as:

d(t) > D, ∀t ∈ [t1, t2]

d(t) < −D, ∀t ∈ [t3, t4].
(3.5)

Considering the steady-state operation, and with respect to (3.4)-(3.5),
and Fig. 3.3, the transition switching time of t1 over a full fundamental cycle,
T , can be expressed as:

t1 =
1

ω
arcsin

(
2D

m(1 +D)

)
. (3.6)

From (3.6), other values of the switching transition times mentioned in
(3.5) can be obtained, accordingly. As can be realized by (3.4) and Fig. 3.3,
the AC reference of d(t) has different amplitude characteristics over a full
fundamental cycle. If the first function of this piece-wise waveform is used,
the maximum value of the modulation index, m, has to be saturated at a
lower value. This limitation comes from the fact that the switch S1 must be
ON when vinv = ±2VC . The major benefit of the modified version of the
PS-PWM technique is the enhanced value of the output voltage gain, which
is equal to:

G = m

(
1 +D

1−D

)
. (3.7)

This feature is an extra benefit of the proposed structure rather than an
inherent merit of the PS-PWM technique, which is related to the output
voltage waveform with doubled effective switching frequency and enhanced
capacitor voltage balancing. Considering the working principle of the pro-
posed S5B5L-VSI, the current and voltage stresses of the switches have been
summarized in Table 3.3. Here, ic,max is the maximum value of the current
passing through each of the integrated capacitors, and Im is the maximum
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Table 3.3
Voltage and current stresses of the proposed S5B5L-VSI

Switches
Maximum Voltage

Stress
Maximum Current

Stress

S1
Vdc

1−D
≈ 2ic,max

S2a, S2b
Vdc

1−D
≈ ic,max

S3a, S3b
Vdc

1−D
≈ ic,max

S4a, S4b
Vdc

1−D
Im

S5a, S5b
Vdc

1−D
Im

value of the injected grid current. Considering the symmetrical structure of
the proposed structure, ic,max can be calculated as follows:

ic,max =
iin,max

2
=

Pin

2Vdc

+
∆iLF,in

4
+

∆iHF,in

4
(3.8)

where, Pin is the average input power, ∆iLF,in and ∆iHF,in are the peak-
peak low-frequency and high-frequency ripple components of iin. The ripple
components are studied in detail in Section 3.4. Furthermore, the maximum
voltage stress of all the switches are uniform and equal to vinv,max/2 (0.5 in
a per-unit scale). Also, excluding the switch S1, the current stresses of four
switches S2a, S2b, S3a, and S3b are equal to the current passing through the
capacitors, ic,max. Through the remaining switches, circulates the injected
grid current only. Hence, their maximum current stress is equal to Im.
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Fig. 3.3. Modified PS-PWM technique applied to the proposed S5B5L-VSI
with the gate switching pulses.
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3.3 Topological Extensions

Through the described concept of the proposed S5B5L-VSI, some topological
extensions of the proposed inverter are presented in this section.

3.3.1 Three-Phase 3L Extension of the Proposed Topol-
ogy

As shown in Fig. 3.4, the three-phase design of the proposed topology is
formed based on three QHB cells. Similar to the basic concept, each of these
QHB cells can make a 3L output voltage with respect to the ground, while
the phase-to-phase voltages possess a 5L waveform with an integrated dy-
namic voltage-boosting feature. The total number of required semiconductor
devices is 13 and the converter has been connected to the grid through three
identical L-type filters. Compared with recently developed three-phase sys-
tems such as [150], the proposed topology offers a bidirectional power flow
feature, and CG operation as well, while saving two switches as compared
with [150]. Similar to the proposed S5B5L-VSI, the switch S1 is commuted
based on a constant DC duty cycle, D, while the rest of the switches are
triggered based on AC duty cycles, as explained in Section 3.2. Hence, the
peak per-phase voltage of the converter is equal to VC = Vdc

1−D
, which is the

boosted voltage across the involved capacitors of each phase.
The three-phase circuit extension of the proposed single-stage switched-

boost VSI can be further compared with a two-stage bidirectional boost
converter followed by a back-end 3L T-Type neutral point-clamped (NPC)-
VSI or an Active NPC (ANPC)-VSI. These standard VSIs suffer from half
DC-link voltage utilization. Hence, in the case of having a front-end DC-DC
boost converter, their overall voltage conversion gain is limited to 0.5

1−D
. In

contrast, the three-phase extension of the proposed topology offers a single-
stage design with a voltage conversion gain of D

1−D
. Moreover, the three-

phase T-type NPC-VSI needs 14 power switches with non-uniform voltage
stress and a relatively low value of the leakage current. Similarly, three-
phase ANPC-VSI needs 20 power switches with non-uniform voltage stress.
In contrast, the proposed topology needs 13 power switches and offers a CG
feature per phase leading to a completely nullified leakage current value.

In general, any other 3L static-gain VSI needs a similar front-end DC-
DC converter per phase to be cascaded as a three-phase circuit architecture,
which could increase the size and overall cost of the entire system. Con-
versely, the proposed topology requires only a single boost inductor with
three identical QHB cells to realize this feature.

52



+

+

+

-
+

Fig. 3.4. Three-phase 3L extension of the proposed S5B5L-VSI.

3.3.2 Extended 9L-FC-Based Variant of the Proposed
Topology

Increasing the number of inverter output voltage levels is of interest for RE-
based applications to further improve the quality of the injected grid current
with a reduced output filter size. Each of the 3L output voltage waveforms
(va and vb) of the proposed S5B5L-VSI can be enhanced to 5L when an extra
FC cell is added at their output [158]. This extra FC cell includes two power
switches and a floating capacitor. Following the same approach as given
in the proposed S5B5L-VSI, with the differential connection of upper and
lower cells, a new variant of the proposed topology with nine output voltage
levels is formed as shown in Fig. 3.5. The list of ON switching states of
one module of this extended structure with the relevant status of Lin, FC
condition, and its instantaneous output voltage are shown in Table 3.4. Here,
the FC status is changed only in the middle output voltage levels in both
half-cycles whilst the maximum output voltage of va and vb is still equal to
VC = Vdc

1−D
. Similar to the conventional FC-based VSIs, the FC voltages,

VC2a and VC2b
of this 9L variant of the proposed topology are balanced at the

half value of VC1a or VC1b
through the grid/load current without requiring

an extra active balancing strategy. Hence, all the integrated capacitors are
self-balanced.
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Table 3.4
The list of ON switching states and the FC status of the 5L-CG-based VSI

integrated into the 9L-FC-based variant of the proposed topology (↑:
Charging, ↓: Discharging)

Switching
States

ON-State
Switches

FC
Status

Inductor
Status

va

1 S1, S3a, S4a, S7a − ↑ +VC1a

2 S2a, S3a, S4a, S5a − ↓ +VC1a

3 S1, S3a, S4a, S6a ↑ ↑ +0.5VC1a

4 S2a, S3a, S4a, S6a ↑ ↓ +0.5VC1a

5 S1, S3a, S5a, S7a − ↑ 0

6 S2a, S3a, S5a, S7a − ↓ 0

7 S1, S3a, S5a, S6a ↓ ↑ −0.5VC1a

8 S2a, S3a, S5a, S6a ↓ ↓ −0.5VC1a

9 S1, S2a, S5a, S7a − ↓ −VC1a

The working principle of this 9L-FC-based variant of the proposed topol-
ogy is summarized in Table 3.5. Here, the balanced voltage across both
capacitors in QHB cells is the same and equal to the boosted voltage, i.e.,
VC = VC1a = VC1b

. It should be mentioned that except the ±2VC output
voltage levels, all the middle levels can be generated through at least two
redundant states.

-
+

+

+

+

+

Fig. 3.5. The 9L circuit extension of the proposed topology.
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Table 3.5
Switching state and corresponding output voltage of the 9L-FC-based

variant of the proposed topology considering VC1a = VC1b
= VC

Switching
States

va vb vinv

1 +VC −VC 2VC

2 +VC −0.5VC 1.5VC

3 +0.5VC −VC 1.5VC

4 +VC 0 VC

5 0 −VC VC

6 0 −0.5VC 0.5VC

7 +0.5VC 0 0.5VC

8 0 0 0
9 +VC +VC 0
10 −VC −VC 0
11 −0.5VC 0 −0.5VC

12 −VC +0.5VC −0.5VC

13 −VC 0 −VC

14 0 +VC −VC

15 −VC +0.5VC −1.5VC

16 −0.5VC +VC −1.5VC

17 −VC −VC −2VC

3.4 Passive Elements Design Guidelines and

Power Loss Analysis

To further investigate the characteristics and circuit features of the proposed
S5B5L-VSI, some guidelines related to the passive elements design associated
with the power loss analysis are presented in the following subsections.

3.4.1 Passive Elements Design Guidelines

The required value of Lin in the proposed S5B5L-VSI directly depends on the
input current, iin, and its associated permissible ripple at different values of
the integrated SB module duty cycle [159]. Similar to any single-phase grid-
tied TL-inverter, iin contains both low- (double-line) and high- (switching)
frequency ripples. The low-frequency ripple of iin can also be related to
double-line ripple component of the steady state ripple voltage across Ca, and
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Cb. To estimate the low-frequency ripples of these variables, an ac equivalent
circuit of the proposed converter using its averaged model is extracted [160].
Therefore, considering the peak value of the injected grid current at the unity
power factor condition, the following expressions as for the low-frequency
ripple values of vC and iin in the steady-state can be obtained:

∆vLF,C =
2VmIm
Vdc

2ωLin

|1− 8LinCω2

(1−D)2
|

(3.9)

∆iLF,in =
2VmIm

Vdc(1−D)

1

|1− 8LinCω2

(1−D)2
|

(3.10)

where C is the capacitance of Ca and Cb, Vm and Im are the peak values of
the grid voltage and current, respectively.

On the other hand, the high-frequency ripple component of vC and iin in
the steady-state can also be developed as follows, respectively [159]:

∆vHF,C =
D(1−D)iin,max

2Cfsw
(3.11)

∆iHF,in =
DVdc

Linfsw
(3.12)

where fsw represents the switching frequency of the proposed converter and
iin,max is introduced in (3.8).

To better reflect the above-mentioned design guidance principles as for
the single-phase operation of the proposed S5B5L-VSI aiming to inject 3 kW
power to the standard 50-Hz grid, a 400 V peak fundamental AC voltage is
considered for the 5L output voltage of the inverter. Hence, regarding (3.2),
the relationship between D and the DC input voltage, Vdc can be found as
follows:

D =
400− Vdc

400 + Vdc

. (3.13)

Replacing (3.13) into (3.9)-(3.12) and concerning a 100 kHz switching
frequency for a compact SiC-based design, the relationship between Vdc, Lin,
and the required capacitance of the capacitors is obtained as Fig 3.6(a) and
Fig 3.6(b), for a 3 kW and a 5 kW system, respectively. Here, it is assumed
to have an identical capacitance for both Ca, and Cb, while a 10% allowable
low-frequency ripple for their balanced voltage has been considered. From
Fig 3.6(a), it can be seen that for the low available DC input voltage, the
capacitors can be chosen with less than 100 µF capacitance, and the value
of Lin can be designed around 100 µH to 200 µH range for a 3 kW grid-
connected condition. Similarly, as shown in Fig 3.6(b) for a 5 kW system,
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the capacitors can be chosen with less than 100 µF capacitance, and the
value of Lin can be designed around 80 µH to 100 µH. Regarding this and
as opposed to many recently-developed single-stage boost-integrated or SC-
based multilevel inverters topologies, film capacitors with long lifespan and
reliable performance can be adopted in the design, while the overall weight
and size of the system can be kept low with such a small value of the pas-
sive components. Considering Fig. 3.6 and as for higher values of the DC
input voltage, the involved capacitors can still be chosen small, while to have
a continuous input current performance, which is crucial for grid-tied PV
applications, larger values of Lin can be used.

In addition, the required passive elements values can be expressed in a
per-unit (p.u.) frame for an easier comparison to other systems. To do this,
a base voltage of Vbase = 220 V RMS has been considered. Therefore, the
base current for 3 kW and 5 kW systems can be calculated as Ibase,3kW =
3kV A/Vbase ≈ 13.64 A RMS and Ibase,5kW = 5kV A/Vbase ≈ 22.73 A RMS,
respectively. Next, the base impedances can be obtained as Zbase,3kW =
Vbase/Ibase,3kW ≈ 16.13 Ω and Zbase,5kW = Vbase/Ibase,5kW ≈ 9.68 Ω. Consid-
ering a standard 50 Hz grid fundamental frequency, the impedances of the
passive elements can be calculated and their p.u. values can be expressed as
Zp.u. = Z/Zbase. Therefore, the selected p.u. impedances for a 3 kW system
are ZCa , ZCb

> 1.97 p.u. and 0.0019 p.u.< ZLin
< 0.0039 p.u.. Similarly, for

a 5 kW system the p.u. impedances can be selected as ZCa , ZCb
> 1.97 p.u.

and 0.0016 p.u.< ZLin
< 0.0019 p.u.. Furthermore, inductance and capaci-

tance base values can be defined as:

Lbase =
V 2
base

ωSbase

(3.14)

Cbase =
Sbase

ωV 2
base

(3.15)

where Sbase is the base apparent power. Therefore the passive element values
can be expressed in p.u. values. For a 3 kW system are Ca, Cb < 0.507 p.u.
and 0.0019 p.u.< Lin < 0.0039 p.u.. Similarly, for a 5 kW system the p.u.
impedances can be selected as Ca, Cb < 0.507 p.u. and 0.0016 p.u.< Lin <
0.0019 p.u..

It should be noted that a comprehensive comparison has been performed
based on the core module (QHB) of the S5B5L-VSI under the same oper-
ating conditions and switching frequency. This comparison can be found in
Subsection 6.5 of this thesis.
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(a)

(b)

Fig. 3.6. Boundary values of input inductor and module capacitors for 10%
ripple on the capacitor voltages at: (a) P = 3 kW; (b) P = 5 kW.

3.4.2 Power Loss Analysis

The power losses of the proposed S5B5L-VSI include the switching and con-
duction losses of the power switches, the losses of the input and filter induc-
tors, and the conduction losses of the capacitors. The switching losses of the
power switches are comprised of the turn-on and turn-off losses expressed
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Table 3.6
Instantaneous switching frequency of the gate signals of the proposed

S5B5L-VSI.

d(t) [0, D) [D, 1] (−D, 0) [−1,−D]
fS1 fsw fsw fsw fsw

fS2a fsw fsw 2fsw 0

fS2b
2fsw 0 fsw fsw

fS3a 0 0 fsw fsw

fS3b
fsw fsw 0 0

fS4a , fS5a fsw fsw 0 0

fS4b
, fS5b

0 0 fsw fsw

as [161]:

PSi,on =
1

T

∫ T

0

Eon

(
vSi,on(t), iSi,on(t)

)
fSi

(t) dt (3.16)

PSi,off =
1

T

∫ T

0

Eoff

(
vSi,off (t), iSi,off (t)

)
fSi

(t) dt (3.17)

where PSi,on and Eon

(
vSi,on(t), iSi,on(t)

)
are the average turn-on power loss,

and the turn-on switching energy of the ith switch, respectively. More-
over, fSi

(t) is the instantaneous switching frequency of the ith switch, and
T is the fundamental period of the grid voltage. Similarly, PSi,off , and
Eoff

(
vSi,off (t), iSi,off (t)

)
are the average turn-off power loss and turn-off

switching energy of the ith switch, respectively. Additionally, vSi,on(t), iSi,on(t)
and vSi,off (t), iSi,off (t) are the switch voltage and current at turn-on and
turn-off instants, respectively. The values of the switching transition volt-
ages and currents are shown in Table 3.7. Moreover, due to the inherent
capacitor voltage balancing feature of the proposed topology, the voltage of
both capacitors are considered to be equal in this section (vCa = vCb

= vC).
The details of switching energies can be found in the MOSFET datasheet or
in thermal models provided by the manufacturers. Considering the modified
PS-PWM described in Section 3.2, the instantaneous switching frequency of
each switch over a fundamental period, T , is summarized in Table 3.6.

The conduction losses of the power switches can be calculated as:

PSi,cond =
1

T

∫ T

0

vSi
(t)iSi

(t) dt (3.18)

where PSi,cond is the average conduction power loss of the ith switch, and
vSi

(t) and iSi
(t) are the switch voltage and current, respectively.
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Table 3.7
Turn-on and turn-off voltages and currents of the switches in the proposed

S5B5L-VSI.

vSi,on, vSi,off ≈ ⟨vC⟩
iS1,on=⟨iin⟩ −∆iHF,in/2
iS1,off=⟨iin⟩+∆iHF,in/2

va 0 +VC −VC

iS2a,on −iS1,off −iS1,off −⟨ig⟩
iS2a,off −iS1,on −iS1,on −⟨ig⟩

iS3a,on, iS3a,off ⟨ig⟩ ⟨ig⟩ –
iS4a,on, iS4a,off – ⟨ig⟩ –
iS5a,on, iS5a,off −⟨ig⟩ – −⟨ig⟩

vb 0 +VC −VC

iS2b,on −iS1,off −iS1,off ⟨ig⟩
iS2b,off −iS1,on −iS1,on ⟨ig⟩

iS3b,on, iS3b,off −⟨ig⟩ −⟨ig⟩ –
iS4b,on, iS4b,off – −⟨ig⟩ –
iS5b,on, iS5b,off ⟨ig⟩ – ⟨ig⟩

The losses associated with Lin and Lg can be expressed as [157]:

PLg = I2g,rmsrLg + k1f
α1
swB

β1
g W1 × 10−3 (3.19)

PLin
= I2in,rmsrLin

+ k2f
α2
swB

β2

inW2 × 10−3 (3.20)

where Ig,rms and Iin,rms are the grid and input RMS currents, rLg and rLin

are the ESR of Lg and Lin, Bg and Bin are the magnetic flux density of Lg

and Lin, k1,α1,β1 and k2,α2,β2 are the core loss coefficients of the inductors,
and W1,W2 are the core weights in grams. Here, at the rated output power,
the dominant components of the ig and iin in the frequency spectrum are
concentrated at the low-frequency side (i.e., DC-300 Hz). Therefore, the
core losses are small compared to the conduction losses.

The conduction losses associated with the capacitors can be obtained as
follows:

PC = PCa + PCb
= 2I2C,rmsrC (3.21)

where IC,rms is the RMS current of Ca or Cb, rC is the ESR of the capacitors.
It should be noted that due to the symmetrical structure of the proposed
converter and the modified PS-PWM technique, the RMS currents of both
capacitors are equal.
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Finally, the total power loss can be calculated as:

Ploss =
∑
i

(PSi,on + PSi,off + PSi,cond)

+ PLg + PLin
+ PC

(3.22)

The governing differential equations of the proposed inverter have been
derived using the averaging technique as below:

d⟨iin⟩
dt

=
D − 1

Lin

⟨vC⟩+
Vdc

Lin
d⟨vC⟩
dt

=
1−D

2C
⟨iin⟩ −

u(t)

2C
⟨ig⟩

d⟨ig⟩
dt

=
(1 +D)u(t)

Lg

⟨vC⟩ −
vg(t)

Lg

(3.23)

where < · > is used to denote the average values of the respective variables
in a switching period. Considering the non-linear governing equations of the
proposed S5B5L-VSI, a simulation-based numerical method using PLECS
software has been chosen for estimating the power losses more accurately.
The detailed calculated loss breakdown can be found in Section 3.7.

3.5 Comparative Study

To show the main differences and circuit potentiality of the proposed S5B5L-
VSI with respect to some recently proposed single-stage SB and SC-based
VSIs, a comparative study is conducted in this section. As stated earlier,
one of the main features of the proposed S5B5L-VSI introduced in Fig. 3.1
is the higher dynamic voltage boosting capability over a wide range of DC
duty cycles. Fig. 3.7 highlights this feature by presenting the voltage con-
version gain versus the DC duty cycle, D, for several VSIs. The relationship
between the overall voltage conversion gain and the DC duty cycle of dif-
ferent well-known single-phase boost-based structures such as single-stage
3L-ZS/qZSI [19], single-stage 3L-SS-VSIs [39, 145–149], the cascaded-boost
5L-VSI [67], and the two-stage 5L-active neutral-point-clamped (ANPC) in-
verter with a front-end DC-DC boost converter have been highlighted in
Fig. 3.7. As can be seen, although ZS/qZSIs offer a higher gain compared
to the proposed S5B5L-VSI, they have a theoretical 50% duty cycle limita-
tion and can generate only 2L or 3L output voltage waveforms. In contrast,
the proposed S5B5L-VSI with its modified PS-PWM switching scheme has a
comparable gain at the higher range of DC duty cycles. It needs only a single
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inductor and two self-balanced capacitors with a voltage rating equal to half
of the inverter output voltage, while this voltage stress on integrated pas-
sive elements of ZS/qZSIs is significantly higher. Because of this low voltage
stress on passive elements and due to the larger number of output voltage lev-
els generation with a PS-PWM technique, relatively smaller passive elements
are needed for the proposed S5B5L-VSI. Furthermore, the magnetic element
design challenges, excessive gain sensitivity to the shoot-through duty cycle,
and steep power efficiency drop at higher voltage gains are the major draw-
backs of ZS/qZSIs [162,163].

Table 3.8 compares the required circuit components and the overall per-
formance of different recently introduced single-source 5L-VSIs with the pro-
posed S5B5L-VSI. Here, the 5L-VSIs presented in [157,164–166] are all based
on SC-technique with static voltage conversion gain, while the rest of the con-
sidered topologies are based on single-stage dynamic voltage conversion gain.
In this table, the circuit characteristics of the standard 5L-ANPC inverter
followed by a front-end bidirectional DC-DC boost converter as a two-stage
system have also been included. The comparative items in this table are the
number of required active and passive devices (switches (S), gate drivers (G),
diodes (D), capacitors (C), and inductors (L)), the value of the voltage con-
version gain, the maximum per-unit value of the blocking voltage across the
switches, the nature of DC input current drawn from the DC source, capac-
itor voltage self-balancing, bidirectional operation, circuit extension capabil-
ity, type of PWM technique, and the reported efficiency at the rated power.
As can be realized from Table 3.8, the proposed S5B5L-VSI offers many ben-
efits in terms of the reduced number of switching devices, uniform maximum
voltage stresses across the switches, bidirectional power flow operation, and
the extension capability with the PS-PWM technique. The importance of
the PS-PWM technique shows its main feature in increasing the apparent
switching frequency. Therefore, at the same carrier frequency, the appar-
ent output switching frequency of the 5L converters modulated with the
PS-PWM technique is two times larger than the ones triggered with the LS-
PWM technique. Although the recently developed 5L-CG-based VSI in [158]
requires fewer switches compared with the proposed topology, its maximum
output voltage gain is half of the proposed S5B5L-VSI. Hence, it needs some
power switches with a larger blocking voltage. These features make the pro-
posed topology and its extended circuit configurations an attractive choice
for many RE-based grid-connected applications.
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Fig. 3.7. Comparative output voltage gain curves of SSI, Z/q-Z source, cas-
caded boost, double-stage boost+ANPC, and the proposed inverter.
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3.6 Control Strategy

In this section, a closed-loop control strategy is presented to govern the
system to inject active and reactive power into a standard grid under an ideal
and harmonic-free grid voltage condition. This is achieved by obtaining the
AC reference u from the output of a PR controller tuned at the expected grid
fundamental frequency, as shown in Fig. 3.8. Here, a simple PLL is used to
detect the fundamental phase and amplitude of the grid voltage, i.e., ωt and
Vm. Then through the current reference generation stage and the desired
active and reactive power references, P ⋆

g and Q⋆
g, a grid current reference,

i⋆g, is generated. As for an available DC input voltage, an appropriate value
of boost duty cycle D is also defined based on the peak grid voltage, (3.3),
and (3.2) to inject the power into the grid. In Fig. 3.8, Gac(s) is a first-
order system plant based on the ESR and inductance of the grid-interface
filter, describing the relationship between grid current, ig, and the voltage
across the grid-interface filter, vLg , in the frequency domain. Moreover, in
this control strategy, the grid voltage, vg, acts as an input disturbance for
the PR controller, which can be rejected by the PR controller tuned at the
fundamental frequency of the grid [80]. Through this control design, the
injected current is controlled; however, the input current contains a dominant
double-line frequency ripple component that can be alleviated using available
power decoupling methods. This issue will be thoroughly investigated in the
subsequent chapters of this thesis.

3.7 Simulation and Experimental Results

To further evaluate the performance of the proposed S5B5L-VSI topology
(Fig. 3.1) and its three-phase circuit extension (Fig. 3.4), simulation and
experimental results are presented in this section. The simulation results
are conducted in PLECS environment, while the experimental results are
captured based on a 3 kW laboratory-built prototype shown in Fig. 3.9.
The passive elements of the proposed topology in both the simulation and
experimental studies are chosen based on the design guidelines presented in
Section 3.4. The simulation parameters and the prototype specifications are
tabulated in Table 3.9. The verification results are discussed in the following
subsections. It should be noted that in both simulation and experimental case
studies, the operation of the proposed converter has been studied over a large
input voltage variation (more than 50%), to emulate real-life conditions such
as partial shading in PV systems, or battery state of charge and temperature
variations.
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Fig. 3.8. Control block diagram for the proposed S5B5L-VSI.

Table 3.9
Parameters used for the experimental prototype

Element Type and Description
Power Switches UJ4C075018K4S (750 V, 18 mΩ)

Controller DSP-TMS320F28379D (TI LaunchPad 379D)
Switching Frequency 100 kHz

Ca, Cb, rC 75 µF (0.380 p.u.), 3 mΩ (Film)
Lin, rLin

0.15 mH (0.0029 p.u.), 16 mΩ
Lg, rLg 0.6 mH (0.0117 p.u.), 28 mΩ

Gate Drivers UCC21710 (with Overcurrent Protection)
Isolated DC-DC Converters MGJ2D121505SC (12V In, +15V,-5V Out)

3.7.1 Simulation Results

A grid-connected system is chosen to perform the simulation, where the grid
voltage amplitude and frequency are 311 V peak, and 50 Hz, respectively.
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Fig. 3.9. A picture of the 3 kW experimental prototype.

Since the capacitors of the proposed S5B5L-VSI are self-balanced, a simple
PR controller is used to govern the system for injecting the power to the grid
with a zero steady-state error [169], as shown in Fig. 3.8. Regarding this, a
reference current with the peak value of 10 A is set for the simulations, which
results in a 1.5 kW injected power into the grid. The gate switching pulses
are provided based on the described PS-PWM technique with a 100 kHz
switching frequency.

Fig. 3.10(a)-(f) show the details of the simulation results for two different
values of D, and Vdc. In the first scenario, the input voltage is set at 100 V.
Hence, to meet the grid peak amplitude requirement, a DC duty cycle of D
= 0.55 is considered. The resultant 5L inverter output voltage waveform,
the injected grid current, input current, voltage stress across the switches,
capacitor voltages, current stress of the switches, and the current passing
through the capacitors are shown in Fig. 3.10(a)-(c). Regarding the sym-
metry of the proposed S5B5L-VSI, only the voltage and current stresses of
one of the integrated QHB cells, i.e., QHB cell A, have been shown in these
results. Conversely, to show the voltage-boosting capability of the proposed
S5B5L-VSI, another test with the input voltage of 55 V, and DC duty cycle
of D = 0.75 is conducted. The related simulation waveforms of this case
study have also been illustrated in Fig. 3.10(d)-(f). As can be observed from
both above-mentioned case studies, due to the dynamic voltage conversion
gain of the proposed topology, the maximum output voltage of the inverter is
400 V and the capacitor voltages are balanced at 200 V. The maximum volt-
age stress of the switches are equal to half of the maximum inverter output
voltage, which is in agreement with the theory. The maximum current stress
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belongs to the Switch S1, which should handle approximately twice the cur-
rent passing through each capacitor. The input current waveforms in both
case studies confirm the fact that the grid-tied operation of the converter is
feasible without inducing any large discontinuous inrush spike.

Regarding the capacitance mismatch between the two capacitors, a se-
ries of simulations have been conducted to investigate the effect of unequal
capacitance due to the manufacturing tolerance on the performance of the
proposed converter. Considering a ±20% tolerance for the capacitor values,
as a worst-case scenario, the capacitance of Ca has been set to 1.2C and Cb

has been set to 0.8C. Compared to the ideal case with equal capacitor values,
the RMS current passing through Ca was changed from 11.97 A to 11.94 A
and the RMS current of Cb was changed from 11.97 A to 12.05 A. Moreover,
the output current waveform and output power quality was unchanged.
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(a) (b)

(c) (d)

(e) (f)

Fig. 3.10. Simulation results using PLECS: (a) the 5L output voltage of the
proposed S5B5L-inverter, grid-voltage, grid current, input voltage, and input
current at D = 0.55; (b) the voltage stress of the switches and the voltage
across the capacitors at D = 0.55; (c) the current stress profile of the switches
at D = 0.55; (d) the 5L output voltage of the proposed S5B5L-inverter, grid-
voltage, grid current, input voltage, and input current at D = 0.75; (e) the
voltage stress of the switches and the voltage across the capacitors at D =
0.75; (f) the current stress profile of switches at D = 0.75.
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3.7.2 Experimental Results

For the experimental verification, two different cases studies for an open-loop
RL load and a closed-loop grid-tied operation are considered. The experimen-
tal results are taken for both single and three-phase variants of the proposed
topology (Fig. 3.1 and Fig. 3.4). The input DC power supply is provided
through a PV emulator (EA-PSI-9750-12). A DSP (TMS320F28379D) is
utilized to generate the required PWM pulses at 100 kHz. A four-quadrant
grid-simulator (REGATRON TC30.528.43-ACS) is also used to perform the
closed-loop grid-connected tests, where the grid peak voltage and frequency
are adjusted at 320 V and 50-Hz, respectively.

As per the single-phase open-loop design, the results of different case
studies have been provided in Fig. 3.11(a)-(f). In the first test, the converter
operates at 1 kW with the input voltage set at 50 V. Considering the voltage
boosting capability of the proposed topology and regarding the described PS-
PWM process, the values of D and m are set at 0.8 and 0.87, respectively.
The 5L inverter output voltage, the voltage across both integrated capacitors,
the input current, and the load current are shown in Fig. 3.11(a), which
reflects the feasible performance of the proposed topology in the higher range
of voltage boosting operation. Fig. 3.11(b) and (c) show the same set of
waveforms at Vdc = 50 V, when a step change in m (from 0.61 to 0.87) and
D (from 0.6 to 0.7) is applied. The results again reflect the correct converter
operation during such dynamic tests.

Due to the maximum current limitation of the DC power supply in the
lab, the performance of the proposed topology operating at 3 kW was verified
for low voltage boosting DC duty cycle ranges. As shown in Fig. 3.11(d),
the DC input voltage is set at 100 V, while D and m are set at 0.65 and
0.73, respectively. The peak of the load current is around 18 A and the
peak output voltage of the proposed inverter is around 570 V. As expected,
the input current waveform is continuous with 100 Hz double-line frequency
content. Fig. 3.11(e) also shows the dynamic results of the proposed converter
when the load has suddenly changed from 0.5 kW to 1.5 kW power. In this
case, the DC input voltage is set at 120 V. Finally, the experimental results
of this case study related to the voltage stress waveforms of different switches
at the rated 3 kW power with Vdc = 100 V, D = 0.65, and m = 0.73 have
been shown in Fig. 3.11(f), which are in agreement with the theory and the
simulation.
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(a) (b)

(c) (d)

(e) (f)

Fig. 3.11. Experimental results showing from top to bottom: 5L proposed
inverter output voltage, the voltage across the capacitors, input current, and
the load current: (a) at 1 kW output power, D = 0.8, m = 0.87, and Vdc

= 50 V; (b) at D = 0.8, and Vdc = 50 V under the step change in m from
0.61 to 0.87; (c) at Vdc = 50 V, and step change in D from 0.6 to 0.7; (d)
at 3 kW output power, D = 0.65, m = 0.73, and Vdc = 100 V; (e) at Vdc =
120 V, D = 0.65, m = 0.73, and step change in the load value from 0.5 kW
to 1.5 kW output power; and (f) the blocking voltages across S3a, S3b (green
trace), S5a, S5b (pink trace), and S2a, S2a, and S1 (red trace) at D = 0.65,
m = 0.73, and Vdc = 100 V.
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The closed-loop grid-tied performance of the proposed S5B5L-VSI using
a PR controller associated with the modified PS-PWM technique is shown in
Fig. 3.12(a)-(c). Here, the applied DC input voltage, the 5L inverter output
voltage, the grid voltage, vg, and the injected grid current, ig, waveforms
have been shown from top to bottom, respectively. To confirm the enhanced
output voltage gain potentiality of the proposed S5B5L-VSI, the results are
taken within three different case studies of Vdc = 90 V with D = 0.6, Vdc =
55 V with D = 0.75, and Vdc = 40 V with D = 0.85 as shown in Fig. 3.12(a)-
(c), respectively. Here, the small fluctuation in the DC input voltage is due
to the inherent characteristic of the used PV emulator since its input-output
internal capacitor is low. Also, because of the limitation of the used PV
emulator in terms of output current, the results are taken at different ranges
of the injected output power i.e., 2 kW, 1 kW, and 500 W for the cases of
D = 0.6, D = 0.75, and D = 0.85, respectively. As can be realized from
these results, the peak value of the inverter output voltage in all the cases
is in accordance with the described relationship in (3.3) and Fig. 3.6 since
the converter can meet the peak amplitude requirement of the grid voltage
even with a low value of the DC input voltage. It is worth mentioning that
regarding Fig. 3.7, to get the same output voltage gain with the same values
of D through the normal PS-PWM technique presented in [67], the provided
DC-link voltage should be larger to meet the peak amplitude requirement of
the grid voltage.
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(a) (b)

(c)

Fig. 3.12. Experimental waveforms of the proposed topology at (a) Vdc =
90 V and D = 0.6, (b) Vdc = 55 V and D = 0.75, (c) Vdc = 40 V and D =
0.85.

To confirm the correct performance of the proposed S5B5L-VSI in reactive
power support mode, the experimental results shown in Fig. 3.13(a)-(b) can
be considered. Here, the DC input voltage and the value of D are set at
90 V, and 0.7, respectively. The results are taken for both leading (P =
1 kW, Q = 1 kVAr) and lagging (P = 1 kW, Q = -1 kVAr) power factors,
while the input current is continuous and all the desired 5L output voltage
waveform of the inverter with a quality sinusoidal injected current have been
generated. In the following, Fig. 3.13(c) shows the bidirectional operation of
the converter when the power flow direction changes from P = -1 kW to P =
+1 kW. Consequently, the average input current is negative when the power
is flowing from the grid to the DC source, and it is positive when the power
flows from the DC source to the grid. Herein, an electronic load has been
connected in parallel with the PV emulator to absorb the reverse power at
the DC side. In both operational modes, the converter can generate all the
desired 5L output voltage with a continuous input current and a sinusoidal
waveform for the injected grid current.
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(a) (b)

(c)

Fig. 3.13. Experimental waveforms of the proposed topology at Vdc = 90 V
(a) leading power factor (P = 1 kW, Q = 1 kVAr), (b) lagging power factor
(P = 1 kW, Q = -1 kVAr), and (c) bidirectional operation (P = -1 kW to
P = +1 kW).

Furthermore, Fig. 3.14(a)-(c) show the related three-phase experimental
results of the proposed topology. In this case, the DC input voltage is set
at 100 V. To reach 400 V peak at each phase output voltage, D and m are
set at 0.75 and 0.73, respectively. Fig. 3.14(a) shows the 3L phase-to-ground
output voltage of the inverter and the DC input voltage waveform, while the
5L phase-to-phase output voltages and the DC input voltage are shown in
Fig. 3.14(b). The input current waveform with an average value of 32 A,
and the related three-phase currents for a 3.2 kW load are also shown in
Fig. 3.14(c).
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(a) (b)

(c)

Fig. 3.14. Experimental waveforms of the three-phase extension of the pro-
posed topology at Vdc = 100 V. (a) 3L phase-to-ground output voltages and
DC input voltage, (b) 5L phase-to-phase voltages and DC input voltage, and
(c) load current of each phase at 3.2 kW output power and input current.

Finally, the trends of calculated and measured efficiency for the single-
phase design of the proposed S5B5L-VSI from 500 W to 3 kW tested power
are illustrated in Fig. 3.15(a), where the DC input voltage is set at 100 V, and
D is equal to 0.7. As for the calculated results, the detailed thermal model
of the power switches is used in PLECS, while a Voltech PM3000A Universal
Power Analyzer is utilized to measure the overall efficiency of the proposed
converter in practice. The results show more than 96.5% overall efficiency
over a wide range of the output power changes. The details of loss breakdown
results for the involved semiconductor devices and passive elements at 3 kW
output power are also illustrated in Fig. 3.15(b). Considering the grid-tied
experimental results presented in Fig. 3.12(a)-(c), the FFT analysis of the
proposed S5B5L-VSI is illustrated in Fig. 3.15(c). Here, the measured THD
values of the inverter output voltage and the load/grid current are 0.31%
and 0.38%, respectively. As can be realized in Fig. 3.15(c), due to applying
the improved PS-PWM technique, the mass of harmonic clusters is around
twice the switching frequency, which further helps the converter to maintain
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a high power quality compatible with the IEEE 519-2014 standard [113].

(a)

(b)

(c)

Fig. 3.15. Converter performance: (a) Calculated and measured efficiency of
the proposed S5B5L-VSI, (b) PLECS loss breakdown results at P = 3 kW
and Vdc = 100 V, (c) experimental inverter output voltage and grid current
harmonics at P = 3 kW, and Vdc = 100 V.
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3.8 Conclusion

A 5L switched-boost inverter with the single-stage dynamic voltage boosting
feature using a single DC power supply is introduced in this chapter. The
proposed topology is comprised of nine active power switches with a single
inductor and two self-balanced capacitors. Compared to existing topologies,
bidirectional power flow capability, reduced number of switching devices, re-
duced per-unit voltage stress across the switches, reduced CMV per each
output voltage level, improved overall voltage conversion gain, and the cir-
cuit extension ability are the major benefits of the proposed converter. Fur-
thermore, dynamic voltage boosting feature, continuous and spike-free input
current, and modularity make the proposed converter an attractive candidate
for many grid-connected applications. The operation and working principle
of the proposed topology with its extra topological derivations have been dis-
cussed. Design guidelines, power loss analysis, and comparative study have
been also provided. Finally, the performance and feasibility of the proposed
inverter for both single and three-phase configurations have been verified by
several simulation and laboratory experimental results. The measured peak
efficiency of the proposed converter is around 97% at 1 kW, while the tested
results up to 3 kW output power show more than 96.1% efficiency in practice.

As identified in the analysis and experimental results, a significant double-
line frequency ripple is present in the input current profile. Similar to many
available single-phase DC-AC converters, this issue might restrict the appli-
cability of such converters in some cases including PV, fuel-cell, or battery
systems. It is worth mentioning that this particular challenge has been stud-
ied in detail in the following chapters.
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Chapter 4

A Single-Stage Switched-Boost
Grid-Connected Five-Level
Converter With Integrated
Active Power Decoupling
Under Distorted Grid Voltage
Condition

This chapter introduces an APD method for the proposed S5B5L converter
to improve the performance and efficiency of the overall system through
eliminating the low-frequency ripples in the DC input current. Furthermore,
a distorted grid voltage condition is considered to reflect a realistic operating
environment.

4.1 Introduction

The proposed S5B5L topology offers several attractive features in terms of
the number of semiconductor devices, improved dynamic voltage conversion
gain, low value of the required passive elements, bidirectional power flow
performance, and continuous input current profile. Despite these advantages,
this topology still presents a double-line frequency ripple in the DC input
current that can affect the overall efficiency.

The aim of this work is to further enhance the circuit performance of the
S5B5L converter with an integrated APD capability in the presence of grid
voltage harmonics for applications that require constant and ripple-free DC

78



current (e.g., PV, battery, fuel-cell systems, etc.). As for the APD control,
two simple proportional-integrator (PI) controllers are used for the DC-link
side, while only a single proportional-resonant (PR) controller is employed to
govern the converter to inject the required current to the grid at the AC side.
A general method based on a grid voltage observer (GVO) technique has also
been applied to synchronize the system with the fundamental component and
obtain a filtered version of the grid voltage with low-frequency harmonics.
The main features/contributions of the work at hand are:

� To the best of the authors’ knowledge, integration of APD into a single-
stage switched-boost (SB) 5L converter without introducing additional
circuit components has not been fully studied yet. This chapter aims
to add APD capability to the S5B5L converter, which is one of the
promising types of available SB-based 5L converters in the literature.
The same solution can also be applied to other types of SB-based con-
verters as long as their input current before integration of APD contains
only low-frequency ripple contents.

� Increasing the overall efficiency of the previously proposed S5B5L con-
verter over a wide range of input DC voltage/power levels by reduc-
ing the current stress profile of the passive/active elements. This is
achieved without changing the size of passive elements of the original
circuit or adding any extra components.

� Implementing a closed-loop grid current controller under a distorted
grid voltage by only using a single PR controller, as opposed to the
conventional multi-resonant-based architecture, thus, simplifying the
overall control system design process.

� Investigating the system performance under a polluted grid voltage
with a straightforward GVO-based solution with inherent filtering ca-
pabilities. This improves the robustness of the system against high-
frequency measurement noises, and reduces the controller complexity
using a feed-forward technique.

To this end, the proposed closed-loop control strategy is introduced and
analyzed in the following sections.
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4.2 Closed-Loop Control Strategy Applied to

the S5B5L Converter Without APD Un-

der Distorted Grid Voltage

According to the working principle of the S5B5L grid-connected converter,
two control inputs, i.e., the boost duty cycle D ∈ (0, 1) and the AC mod-
ulation reference u ∈ [−1, 1], must be generated by the closed-loop control
strategy and sent to the PS-PWM stage to provide the required gate switch-
ing pulses. Hence, considering (4.1) as the average voltage across each of the
involved capacitors, the inverter output voltage and its maximum fundamen-
tal value are expressed as (4.2) and (4.3), respectively.

Vc =
Vdc

1−D
(4.1)

vinv = vmaxu (4.2)

vmax = (1 +D)Vc. (4.3)

The aim of the standard closed-loop control technique implemented in
the previous chapter is to govern the system to inject active and reactive
power to a standard grid without applying the APD control under an ideal
and harmonic-free grid voltage condition. However, in this chapter, a more
realistic case with a distorted grid voltage with low-frequency harmonics has
been considered and the control strategy has been modified accordingly. This
is achieved by obtaining the AC reference u from the output of multiple PR
controllers tuned at the expected grid voltage harmonic frequencies, as shown
in Fig. 4.1. Here, a simple PLL is used to detect the fundamental phase and
amplitude of the grid voltage, i.e., ωt and Vm. Additionally, the grid current,
ig, is measured with a current sensor. Then through the current reference
generation stage and the desired active and reactive power references, P ⋆

g and
Q⋆

g, a grid current reference, i⋆g, is generated as follows:

i⋆g =
2P ⋆

g

Vm

cos(ωt) +
2Q⋆

g

Vm

sin(ωt). (4.4)

As for an available DC input voltage, an appropriate value of boost duty
cycle D is also defined based on the peak grid voltage and (4.3) to inject the
power into the grid. In Fig. 4.1, Gac(s) is a first-order system plant based on
the ESR and inductance of the grid-interface filter, describing the relationship
between grid current, ig, and the voltage across the grid-interface filter, vLg ,
in the frequency domain. Moreover, in this control strategy, the grid voltage,
vg, acts as an input disturbance for the PR controllers, which can be rejected
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by multiple PR controllers tuned at the fundamental frequency and expected
harmonics of the grid voltage. [80,170,171]. Through this control design, the
injected current is controlled; however, the input current contains a dominant
double-line frequency ripple component leading to excessive conduction losses
of the input DC inductors and semiconductors.

-+
+

Fig. 4.1. Multi-PR control strategy for the S5B5L-VSI under distorted grid
voltage without APD functionality.

4.3 Proposed Control Strategy with APD Un-

der Distorted Grid Voltage

As opposed to the control solution without APD functionality, the proposed
closed-loop control strategy applied to the S5B5L grid-connected converter
includes an integrated APD control strategy that is able to operate under
a grid voltage polluted with low-frequency harmonics. Hence, to derive an
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expression for the injected grid power, pg, it is necessary to define the grid
voltage in the presence of the low-frequency harmonics, and the injected grid
current, i.e.:

vg =
∑
h∈H

Vg,h cos(hωt+ ϕh) (4.5)

ig = Im cos(ωt+ ϕ) (4.6)

where h, Vg,h, ϕh, ω, Im, and ϕ are the harmonic order, the amplitude and
phase of the hth harmonic of the grid voltage, the grid fundamental angular
frequency, the peak value of the injected current, and the phase angle of
the injected grid current with respect to the fundamental harmonic of the
grid voltage, respectively. Moreover, H = {1, 3, 5, ...,M} is the measured
harmonics, M is the highest harmonic order considered, and ϕ1 = 0. Hence,
the expression for the instantaneous grid power, pg, can be derived as follows:

pg = vgig

=
∑
h∈H

Vg,hIm
2

[cos((h− 1)ωt+ ϕh − ϕ)

+ cos((h+ 1)ωt+ ϕh + ϕ)].

(4.7)

From (4.7), it can be deduced that pg in the single-phase grid-tied appli-
cation consists of a dc, pg,dc, and a low-frequency ripple, pg,r, term as:

pg,dc =
VmIm
2

cos(ϕ)

pg,r = pg − pg,dc

(4.8)

where Vm is the fundamental amplitude of the grid voltage, i.e., Vm = Vg,1.
On the other hand, according to the concept of APD control strategy,

the input DC source power, pin, has to be free from any low-frequency rip-
ple/pulsating content. Hence, the ripple AC power, pg,r, must be provided
by the integrated energy storage elements, e.g., the boost inductor, Lin or
the capacitors Ca or Cb in the described S5B5L converter. Considering that
the aim of an APD control strategy is to cancel out any low-frequency ripple
from the input current, pg,r is provided through the contribution of the ca-
pacitors in the S5B5L grid-connected converter. Therefore, considering pC as
the required instantaneous power of the involved capacitors, it follows that:

pg(t) = pin(t) + pC(t) (4.9)

pC(t) = pCa(t) + pCb
(t) = pg,r(t). (4.10)
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Hence, considering identical capacitance, C, for both integrated capaci-
tors, the instantaneous capacitor voltages that include a low-frequency AC
ripple term, are expressed as follows:

v2C(t) =
1

C

∫
pg,r(t)dt (4.11)

v2C(t) =
VmIm
2C

sin(2ωt+ ϕ)

2ω

+
Im
2C

∑
h∈H,h ̸=1

Vg,h

(
sin((h− 1)ωt+ ϕh − ϕ)

(h− 1)ω

+
sin((h+ 1)ωt+ ϕh + ϕ)

(h+ 1)ω

)
+K

(4.12)

ṽ2C = v2C −K (4.13)

where K is the integration constant value related to the average capacitor
voltage requirement of each of the involved capacitors to meet the peak grid
voltage value as per (4.3).

Considering the above discussion, the overall control block diagram con-
sists of four sections as shown in Fig. 4.2, where the aim of APD control is
fulfilled by controlling iin free from any low-frequency ripple component, vC
with the required average value, and the injected grid current, ig, following
a sinusoidal reference current. Hence, i⋆in, V ⋆

C , and i⋆g, are defined as the
references for the input current, the average capacitor voltages, and the in-
jected grid current, respectively. Here, the GVO or PLL mechanism shown in
Fig. 4.2(a) is in charge of grid synchronization and extracting the fundamen-
tal component of a distorted grid voltage to define the required references. In
this work, a GVO is designed as an alternative solution instead of a conven-
tional PLL. The added benefit of using GVO instead of a PLL is its inherent
filtering ability against high-frequency noises in the grid voltage measure-
ment. Figs. 4.2(b) and (c) also indicate the requirement of the APD control
for the DC input current and capacitor voltages, while Figs. 4.2(d) and (e)
show the details of the controller to inject the desired active and reactive
power to the grid at the AC side and its modulator, respectively. Herein,
as for VC and iin control loops, two PI controllers, i.e., CC(s) and Cdc(s)
in Figs. 4.2(b) and (c), are needed, where the first-order transfer functions,
GC(s) and Gdc(s), are considered to design the aforementioned controllers.

Regarding the capacitor voltage control loop, the plant transfer function,
GC(s) has been derived based on the relationship between the capacitor
power and the squared value of the capacitor voltage in the frequency domain,
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i.e., PC(s) = sCV 2
C(s). It should be noted that since both Ca and Cb have the

same voltage due to the switching states of the S5B5L converter (see Fig. 3.2),
GC(s) is derived based on the total equivalent capacitance, i.e., Ca and Cb in
parallel. Similarly, the plant transfer functions for the DC input current and
grid current control loops are obtained based on the relationship between
the current and the voltage across an L-type filter considering its parasitic
ESR. As for the injected grid current control loop shown in Fig. 4.2(d), a
single PR controller, Cac(s), is designed based on Gac(s). Here, rC , rin, and
rg are denoted as the ESR of the involved capacitors, the input inductor,
and the output filter inductors, respectively. Moreover, the grid current, ig,
is measured with a current sensor.

It should be noted that the feed-forward term used in the grid current
controller is obtained from the GVO; hence, it can be considered as a filtered
replica of the grid voltage measurement, while including all the expected
low-frequency harmonics. Consequently, the calculated inverter voltage is
free from any high-frequency noises. By considering a ZOH discretization,
the required parameters of the PI and PR controllers for the input current,
capacitors voltages, and the injected grid current control are obtained in the
z-domain for digital implementation. As indicated in Fig. 4.2(b), to extract
the DC component (average) of vC , a low pass filter (LPF) is required. In
the next subsections, the mechanism of the GVO and the reference design
for the three main control loops are described in detail.
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Fig. 4.2. Proposed control strategy with APD: (a) grid synchronization and
reference generation; (b) capacitor voltage controller; (c) DC input current
controller; (d) grid current controller; (e) modulator.
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4.3.1 GVO Mechanism

In the general case of having a polluted grid voltage with several low-frequency
harmonics, the fundamental component of the grid voltage is required to be
extracted for the current reference generation. Moreover, obtaining a noise-
free version of the measured grid voltage is also relevant since it is used
as a feed-forward term in the ig control loop. Conventionally, a PLL can
be employed for this purpose; however, the whole PLL structure must be
replicated for each harmonic component to reconstruct a clean sample of the
grid voltage. A more suitable and straightforward alternative for extracting
this information is to develop a generalized GVO mechanism. As this is an
observer-based synchronization strategy, this single structure can be used not
only to decompose the grid voltage in each harmonic component but also to
reduce the high-frequency noise of the instantaneous grid voltage. Hence,
the measured grid voltage in the stationary reference frame can be expressed
as a summation of its harmonic contents:

vgαβ
=

∑
h∈H

vg,hαβ
(4.14)

where, vgαβ
∈ R2 and vg,hαβ

∈ R2 are the grid voltage and its harmonic
component vectors in a stationary reference frame, respectively. Therefore,
vg,hαβ

can be written as:

vg,hαβ
=

[
vg,hα

vg,hβ

]
=

[
Vg,h cos(hωt+ ϕh)
Vg,h sin(hωt+ ϕh)

]
. (4.15)

Assuming the steady-state condition or slowly changing harmonic content
of the grid voltage, the derivative of each grid voltage harmonic can be derived
as follows:

dvg,hαβ

dt
=

d

dt

[
vg,hα

vg,hβ

]
= Jhωvg,hαβ

(4.16)

where

J =

[
0 −1
1 0

]
. (4.17)

A continuous-time state-space system model can be constructed based on
(4.14)-(4.16) with the grid voltage harmonics in a stationary reference frame
as the system states, x, and the grid voltage as the system output, y:

x =
[
vg,1αβ

vg,3αβ
. . . vg,Mαβ

]T
(4.18)

y = vgα =
∑
h∈H

vg,hα . (4.19)
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This leads to the following continuous-time state space model:

dx

dt
= Acx+ϖ (4.20)

y = Ccx+ ν (4.21)

where

Ac =


Jω O2 O2 . . . O2

O2 J3ω O2 . . . O2
...

...
...

. . .
...

O2 O2 O2 . . . JMω

 , (4.22)

Cc =
[
1 0 1 0 . . . 1 0

]
, (4.23)

and O2 is a zero matrix of dimension 2×2. Moreover, ϖ and ν are the process
and measurement noises, respectively.

This dynamic model can be discretized using the ZOH method. There-
fore, the following discrete state-space model is formed:

xk+1 = Axk +ϖk

yk = Ccxk + νk
(4.24)

where A is the resultant state dynamics matrix after discretization. Here,
it is important to emphasize that the pair (A,Cc) is observable. Therefore,
based on the derived discrete state-space model in (4.24), an observer can
be designed either through a pole placement or a steady-state Kalman filter
approach. The pole placement method is based on placing the poles of the
closed-loop transfer function at specific locations on the complex plane by
normally selecting two dominant poles to achieve the desired behavior. How-
ever, using this method for systems with a large number of states might be
complicated and not necessarily optimal. On the contrary, the Kalman filter
approach can deal with a larger number of states while the observer param-
eters can be obtained optimally [101]. In this work, the latter is chosen due
to the large number of states. Thus, the GVO is designed to estimate the
instantaneous amplitude of each harmonic of the measured grid voltage as:

x̂k+1 = Ax̂k +Go(yk − ŷk)

ŷk = Ccx̂k

(4.25)

where Go, x̂k+1, and x̂k are the observer gain matrix and estimated states
at time step k and k + 1, respectively. Similarly, ŷk is the estimated output
(i.e., grid voltage) at time instant k.
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The observer gain matrix, Go, can be calculated based on the known
system and noise parameters, i.e., discrete state-space model in (4.24), by
solving the following discrete-time algebraic Ricatti equation as explained
in [101,172]:

Go = APCT
c (CcPCT

c +Rf )
−1 (4.26)

P = APAT −GoCcPAT +Qf (4.27)

where P is the estimate covariance matrix, Rf is the measurement noise co-
variance matrix, and Qf is the process noise covariance matrix. In this work,
as there is only one measurement used for the observer, Rf possesses only a
scaler value that depends on the grid voltage sensor noise, i.e., a noisier sen-
sor translates to a higher value of Rf . The value of Rf should be equal to the
covariance of the voltage sensor, which can be easily obtained by recording
a large number of measurements with constant voltage at the sensor’s input
and calculating the covariance of the recorded values. In addition, Qf repre-
sents the process noise that can be caused by model errors or uncertainties.
Here, Qf is considered as:

Qf = qfIn (4.28)

where In is the identity matrix with the same dimensions as A, and qf > 0 is a
number indicating model errors. Therefore, a larger qf means the model is not
trusted, and the observer relies more on the sensor information. Conversely, a
smaller qf implies an accurate state-space model, and the observer relies more
on the model predictions. Consequently, the value of qf can be used to set
the observer bandwidth [172]. Knowing Rf and Qf , matrices P and Go can
be calculated using (4.26)-(4.27). It should be noted that the observer gain,
Go, is a constant matrix (time-invariant). Hence, it can be calculated offline
to reduce the computational overhead of the observer. Here, the function
idare in MATLAB is used to solve (4.26)-(4.27) and obtain Go.

Therefore, following the above procedure, as indicated in Fig. 4.2(a), the
GVO gets the measured grid voltage as per (4.5), and outputs the estimated
value of the grid voltage, v̂g. This helps to reject high-frequency measurement
noises effectively. Consequently, to define the grid current reference, i⋆g, as for
the next stage of the control system shown in Fig. 4.2(a), the fundamental
value of the observed grid voltage in the stationary (αβ) reference frame, i.e.,
v̂g,1αβ is extracted through the GVO stage.
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4.3.2 Reference Design

As per Fig. 4.2(a), the reference generator stage receives six inputs, i.e., P ⋆
in,

Q⋆
g, Vdc, P

⋆
C , and vg,1αβ

, which are the intended reference values of the input
active power, grid reactive power, the input DC voltage of the converter,
the required capacitors power reference, and the observed fundamental value
of the grid voltage extracted from the described GVO mechanism, respec-
tively. Through these, the references i⋆in, V

⋆
C , and i⋆g are generated to govern

the system as per Fig. 4.2(b)-(d). Moreover, the active and reactive grid
power references, P ⋆

in and Q⋆
g, are external references, which represent the

power level being transferred from/to the power supply to/from the grid and
required reactive power compensation level, which in turn determine the de-
sired power factor. Consequently, the required references are expressed as
follows:

i⋆in =
P ⋆
in

Vdc

(4.29)

P ⋆
g = P ⋆

in + P ⋆
C (4.30)

i⋆g =
2P ⋆

g

V̂m

cos(ωt) +
2Q⋆

g

V̂m

sin(ωt) (4.31)

where

V̂m =
√
v̂2g,1α + v̂2g,1β (4.32)

cos(ωt) =
v̂g,1α

V̂m

(4.33)

sin(ωt) =
v̂g,1β

V̂m

. (4.34)

It should be noted that an MPPT functionality can be added to the
proposed APD solution for PV-based applications. In this case, an MPPT
controller is required to decide the PV voltage reference, V ⋆

dc, and a PV
voltage controller (e.g., a PI controller) follows the reference by generating
the input current reference, i⋆in, accordingly. Since the proposed APD control
scheme expects the input power reference, P ⋆

in, it is obtained by multiplying
i⋆in and Vdc. Fig. 4.3 illustrates such a control scheme.

Fig. 4.3. Additional MPPT controller providing the input power reference,
P ⋆
in, to the proposed APD control strategy.
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Regarding the grid-tied operation of the S5B5L converter, the average
capacitor voltage, VC , should be set high enough to meet the grid voltage at
any time instant. Hence, considering (4.2) and (4.3), the following relation
must be satisfied:

vmax > vg > −vmax. (4.35)

On the other hand, assuming the steady-state condition, by substituting
vC = Vdc

1−D
into (4.3), an alternative expression for vmax can be derived as

follows:
vmax = 2vC − Vdc. (4.36)

Therefore, (4.35) can be rewritten as:

2vC − Vdc > vg > −(2vC − Vdc). (4.37)

The derived inequality in (4.37) can be further expanded by substituting
(4.12) into the expression. Consequently, by knowing the operating condi-
tions, i.e., the grid voltage, the amplitude of the injected grid current, the
DC input voltage, and the power factor, a minimum value of K in (4.12)
can be found. Hence, there exists a minimum average capacitor voltage that
can satisfy (4.37), which is chosen as the reference value, V ⋆

C , for the ca-
pacitor voltage loop control as depicted in Fig. 4.2(c). In this work, due to
the nonlinear behavior of the involved equations, this calculation has been
performed offline using numerical and iterative methods and the value of the
minimum average capacitor voltage has been stored in a lookup table (LUT)
for a given range of operating conditions. The resultant values of V ⋆

C are
shown in Figs. 4.4 and 4.5 for C = 75 µF. Fig. 4.4 depicts the minimum
average capacitor voltage at unity power factor and for different power lev-
els and the DC input voltages. In addition, Fig. 4.5 shows the variation of
this minimum average capacitor voltage at Vdc = 100 V, and different power
factors and power levels.

Moreover, to quantify the voltage stress on the circuit power components
(i.e., switches and capacitors), the peak capacitor voltage for different power
levels and DC input voltages has been numerically calculated and depicted in
Fig. 4.6. In addition, to analyze the impact of the power factor on the voltage
stress on the circuit components, a similar analysis has been performed for
a wide range of power levels and power factors, as shown in Fig. 4.7. Based
on the results of the above analyses, it can be observed that the worst-case
scenario in terms of voltage stress happens at higher DC input voltages,
higher power levels, and lower values of ϕ.

It should be noted that wider operating ranges are possible by increasing
the capacitance or the average capacitor voltage. Based on the selected
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components and the limitations of the available hardware prototype and
laboratory equipment, the maximum power of 2 kW is considered in this
work.

Fig. 4.4. Minimum required average capacitor voltage (VC) for a given grid-
tied operating condition and C = 75 µF.

Fig. 4.5. Minimum required average capacitor voltage (VC) for a given ϕ and
grid-tied operating condition at Vdc = 100 V and C = 75 µF.
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Fig. 4.6. Minimum required peak capacitor voltage (VC) for a given grid-tied
operating condition and C = 75 µF.

Fig. 4.7. Minimum required peak capacitor voltage (VC) for a given ϕ and
grid-tied operating condition at Vdc = 100 V and C = 75 µF.

4.3.3 Stability and Sensitivity Analysis

To ensure the stable operation and robust performance of the proposed con-
trol strategy, a detailed stability and sensitivity analysis has been conducted
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in this section. This analysis is based on the explained closed-loop system in
Section 2.2.4.1. The circuit/controller parameters are outlined in Table 4.1.
Firstly, the tracking performance and the control input disturbance rejection
of the DC input current controller are depicted and verified in Fig. 4.8. As
shown in Fig. 4.8(a), the controller can track DC references accurately with-
out any steady-state error. Moreover, Fig. 4.8(b) indicates that control input
disturbances are always rejected with more than 17 dB attenuation in the
worst case.

(a)

(b)

Fig. 4.8. Bode plot of: (a) closed-loop system: i⋆in to iin; (b) iin closed-loop
input sensitivity against input disturbances.
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Table 4.1
Controller parameters used for simulation and experimental prototype

Parameter Value
Switching Frequency 100 kHz

Lgnom 1.2 mH (0.0147 p.u.)
Ca,Cb, rC 75 µF (0.603 p.u.), 3 mΩ (Film)
Lin, rin 0.19 mH (0.0023 p.u.), 60 mΩ
Lg, rg 1.2 mH (0.0147 p.u.), 80 mΩ
ω 2π × 50 rad/s

CC(s) 0.007 + 0.1
s

Cdc(s) 7.103 + 46881
s

Cac(s) 30.079 + 263190s
s2+ω2

(a) (b)

Fig. 4.9. Root loci plot of the closed-loop poles under varying parameter Lg:
(a) Overall view; (b) zoomed-in view.

Next, regarding the uncertain value of Lg, a sensitivity analysis based on
the root locus method is performed to show the stability of the controller over
a wide range of Lg. Fig. 4.9 illustrates the root loci plot of the closed-loop
poles for the grid current controller with the variable parameter Lg. As can
be seen, over the whole range of possible values of Lg (i.e., from 0 to +∞),
all the poles have a negative real part. Additionally, the location of the poles
over the range [0.5Lgnom ,2Lgnom ] are shown in red in Fig. 4.9, in which all
the real parts are negative. Furthermore, the gain and phase margins of the
grid current controller are obtained and depicted in Fig. 4.10(c), in which the
gain margin is infinite and the phase margin is 71.8◦. Therefore, the stable
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operation of the grid current controller is guaranteed.
Then, the tracking performance and the control input disturbance rejec-

tion of the grid current controller are depicted and verified in Figs. 4.10(a)
and 4.10(b), respectively. As shown in Fig. 4.10(a), the controller can track
AC references at fundamental grid frequency (50 Hz) accurately without
any steady-state error. Moreover, Fig. 4.10(b) indicates that control input
disturbances are always rejected with more than 25 dB attenuation in the
worst case. It should be noted that any disturbance at the fundamental grid
frequency will be rejected perfectly, as shown in Fig. 4.10(b).
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(a)

(b)

(c)

Fig. 4.10. Bode plot of: (a) closed-loop system: i⋆g to ig; (b) ig closed-
loop input sensitivity against input disturbances; (c) stability margins of the
designed ig control system.
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4.4 Comparative Study

As early discussed, applying the APD control to the S5B5L converter can
enhance the overall efficiency of the whole conversion system by reducing the
current stress profile of the switches, and the input inductor. In the following
sub-sections, the performance of the S5B5L converter with and without APD
control and a case-to-case comparison over other available solutions/convert-
ers are presented.

4.4.1 Performance Investigation of the S5B5L Converter
With and Without APD

Figs. 4.11 and 4.12 show typical key waveforms of the S5B5L converter over
four fundamental grid cycles, T , connected to a grid with an ideal sinusoidal
and polluted voltage, respectively. During the first two cycles, the APD
control is OFF; therefore, the input current iin has a dominant double-line
frequency ripple. After this, the APD control strategy is activated, and
therefore the low-frequency ripple components of iin is diverted to vc. The
variation of the boost duty cycle, D, and the AC modulation reference, u, is
due to applying the APD control and the presence of the harmonics in the grid
voltage. It is worth mentioning that although the 5L waveform of the inverter
output voltage is affected by the APD control, the injected grid current, ig,
still has a low THD due to the closed-loop current control. It should be
noted that with the proposed APD control, the maximum AC modulation
reference, u, still can vary within its full range (i.e., [−1, 1]). However, the
maximum inverter voltage, vmax, is time-variant under the proposed APD
control strategy due to the varying boost duty cycle.

In the following, a comparative study in terms of current stress and power
loss distribution on devices of the above-mentioned S5B5L grid-connected
converter is conducted to further highlight the performance of the converter
with and without APD control strategy. The circuit/controller specifications
for this comparative study have been tabulated in Table 4.1, while PLECS
software is used to perform the simulations. Herein, to target a polluted grid
with the presence of low-frequency harmonics, the grid voltage is assumed as
follows:

vg = 320[cos(ωt) + 0.1 cos(3ωt) + 0.05 cos(5ωt)]. (4.38)

As for comparative analysis, two different case studies based on the avail-
ability of the DC input voltage source, i.e., Vdc = 100 V and Vdc = 50 V, are
considered, while the rated injected power to the grid is assumed to be the
same as Pg = 2 kW. As can be seen from Figs. 4.13(a) and (b), there is a
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clear reduction in RMS values of the current stress profile on different circuit
devices when the APD control is activated. This improvement is more visible
when a higher value of the boost duty cycle or a lower value of the DC input
voltage is adopted, as can be confirmed by Figs. 4.13(a) and (b). It should
be noted that the RMS currents of the involved components at Vdc = 100 V
and Vdc = 50 V are not fully complying the power-balance theory when the
APD control is OFF, i.e., the RMS value of the DC input current in the first
case is not half of the second case, as Lin tends to resonate with Ca, Cb due
to the nature of the original circuit.
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Fig. 4.11. Typical key operating waveforms of the S5B5L inverter under ideal
grid-connected condition before and after enabling the proposed APD control
scheme: (a) input current (iin); (b) DC input voltage (Vdc), capacitor voltage
(vC), and inverter output voltage (vinv); (c) pure sinusoidal grid voltage (vg),
and grid current (ig); (d) boost duty cycle (D), and AC modulation reference
(u).
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Fig. 4.12. Typical key operating waveforms of the S5B5L inverter under
polluted grid-connected condition before and after enabling the proposed
APD control scheme: (a) input current (iin); (b) DC input voltage (Vdc),
capacitor voltage (vC), and inverter output voltage (vinv); (c) polluted grid
voltage (vg) with its fundamental harmonic (vg,1), and grid current (ig); (d)
boost duty cycle (D), and AC modulation reference (u).
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Fig. 4.13. RMS currents using PLECS at Pg = 2 kW without and with APD
control at: (a) Vdc = 100 V; (b) Vdc = 50 V.

Since the proposed converter is a nonlinear dynamic system with time-
variant coefficients in its state-space model, obtaining an accurate closed-
form expression for the RMS input current is not feasible [173]. However,
a simulation-based sensitivity analysis has been performed to investigate
the impact of the passive circuit components (Lin and Ca,Cb) on the RMS
input current values for both multi-PR and proposed control methods at
Vdc = 100V and Vdc = 50V. As shown in Fig. 4.14, the RMS input current
is always lower when the APD control is enabled. In the case of multi-PR
control, due to the resonant energy exchange between Lin and Ca,Cb, at cer-
tain passive components and D values, RMS input current grows excessively.
This phenomenon also can be described based on the equivalent resonant
frequency of the DC input side of the converter. When the above-mentioned
resonant frequency is close to the grid power harmonics, a large low-frequency
ripple on the passive components is expected, as shown in Fig. 4.14. More-
over, the resultant large ripple can lead to system instability in extreme
cases (missing areas when the APD is OFF in Fig. 4.14). However, with the
proposed APD control strategy, iin is directly controlled by the PI controller
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Cdc(s) to achieve a flat DC input current and suppress the resonance between
Ca, Cb and Lin. It is worth noting that in this case, since vLin

= Vdc − vC , vC
is acting as an input disturbance for the PI controller Cdc(s) [see Fig. 4.2(c)].
Considering the closed-loop tracking and input disturbance rejection perfor-
mance of the PI controller Cdc(s) shown in Fig. 4.8, the mentioned resonance
is eliminated due to the significant disturbance rejection provided by Cdc(s).
Therefore, by using the proposed APD control strategy, not only the cur-
rent stress on the passive and active components can be reduced, but also it
improves the overall stability and reliability of the system.

Moreover, a loss analysis has been performed in PLECS to investigate
the impact of the proposed APD control method on the power loss profile of
S5B5L converter. The details of this analysis can be found in Chapter 3. As
a result, the reduction in RMS values of the current stress in different cir-
cuit components with the activation of the APD control can clearly reduce
the conduction losses of devices as demonstrated in Figs. 4.15(a) and (b).
Therefore, the major reduction of the losses is related to the input inductor,
Lin, since the input current passing through it does not have any pulsating
low-frequency content by applying the APD control. Furthermore, the con-
duction loss of the switch S1 is also reduced, which is more significant for
the higher range of boost duty cycle or lower DC input voltage. Regarding
this, it can be confirmed that the overall performance of the discussed S5B5L
grid-connected converter from the overall efficiency viewpoint is enhanced
through applying an APD control, while the life-span, reliability, and overall
temperature of devices can also be improved.
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(a)

(b)

Fig. 4.14. RMS input current using PLECS at Pg = 2 kW without and with
APD control at: (a) Vdc = 100 V; (b) Vdc = 50 V.
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Fig. 4.15. Loss breakdown using PLECS at Pg = 2 kW without and with
APD control at: (a) Vdc = 100 V; (b) Vdc = 50 V.

In addition, as another practical example, the proposed control strategy
has been integrated in a grid-connected PV system with an additional MPPT
controller (see Fig. 4.3). The simulated results of such a configuration have
been shown in Fig. 4.16. A similar approach can be followed to control the
DC input voltage in the case batteries during constant-voltage phase of the
charging process.
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Fig. 4.16. Simulation results of a 2 kW grid-connected PV system with the
proposed APD control and MPPT functionality.

4.4.2 A Comparison over Other Available Topologies
with APD Control

The circuit features and characteristics of the discussed S5B5L grid-connected
converter over some other counterparts with APD control have been summa-
rized in Table 4.2. The comparative items are the number of power conversion
stages, the number of converter output voltage levels, the voltage rating of
the capacitors and their capacitance, the reported value of the boost and fil-
ter inductors Lin, and Lg, the rated power and the switching frequency, and
the reported overall efficiency at the rated power. As it can be inspected,
the recently proposed S5B5L grid-connected converter is the only available
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topology that can generate a 5L output voltage with a single-stage integrated
APD. The larger number of inverter output voltage levels leads to incorpo-
rating a smaller filter inductor Lg, while the voltage rating of the capacitors
is only 250 V, which is half of the inverter peak output voltage using a com-
parably small capacitance. Here, although the overall efficiency of the S5B5L
converter with APD control is less than some other reported counterparts,
the applied switching frequency of the proposed method is almost five times
larger than most other works in this comparison. Moreover, none of the
reported systems has considered a polluted grid voltage in their integrated
control strategy, while this scenario has been extensively addressed in the
current work. It is worth mentioning that the reported efficiency for some
of the works considered in this comparison does not include the boost stage
efficiency.
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Table 4.3
Components used in the experimental prototype

Element Type and Description
Power Switches UJ4C075018K4S (750 V, 18 mΩ)

Controller DSP-TMS320F28379D
Gate Drivers UCC21710

Isolated DC-DC Converters MGJ2D121505SC
Voltage/Current Sensors AMC3301

4.5 Experimental Results

To validate the effectiveness of the APD control applied to the described
S5B5L converter, extensive experimental results from a 2 kW laboratory-
built prototype shown in Fig. 4.17 under the grid-connected environment are
presented in this section. The circuit specifications and closed-loop control
parameters are outlined in Table 4.1 and Table 4.3, while three DC power
supplies (EA-PSI-9360-12) have been connected in parallel to provide a suf-
ficient amount of input current and feed the converter. As for the grid-tied
operation, a polluted grid voltage per (4.38) is emulated with a four-quadrant
grid simulator (REGATRON TC30.528.43-ACS). A DSP (TMS320F28379D)
has also been used to implement the proposed controller.

Fig. 4.17. A view of the experimental setup.

As for the first experimental test, the DC input voltage is set at 100 V,
while based on the peak amplitude of the fundamental component of the grid
voltage and with respect to Fig. 4.4, a voltage reference is selected as for the
V ⋆
C in the APD control loop. Hence, with respect to Figs. 4.2(c) and (d),

the boost duty cycle D and the AC modulation reference u are attained and
passed to the PS-PWM stage described in [173] to provide the required gate
switching pulses. Figs. 4.18(a) and (b) show the details of this experimental
test during a steady-state condition. As can be seen, by applying the APD
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control, the input current is free from any double-line frequency and only
contains the high-frequency content caused by the switching action. The
average value of the input current is around 20 A with around 13 A as
the peak value of the injected grid current. Here, the 5L inverter output
voltage in the presence of a polluted grid voltage has been generated, while
the voltage across both capacitors is balanced at 250 V with a double-line
frequency ripple. The distortion in the 5L inverter output voltage is due to
the small value of the capacitors as reported in [173], while the THD value
of the injected grid current is less than one percent at 200 kHz apparent
switching frequency at the AC side. The dynamic results before and after
applying the APD at 1 kW injected grid power have also been demonstrated
in Fig. 4.18(c). The APD action can clearly be seen through these results as
the low-frequency ripple from the input current has been transferred to the
voltages of the capacitors.

(a) (b)

(c)

Fig. 4.18. Experimental results under the polluted grid-connected condition
at Vdc = 100 V and C = 75 µF: (a) the input current, inverter output voltage,
grid voltage, and grid current at Pg = 2 kW; (b) the input current, inverter
output voltage, capacitor voltage, and grid current at Pg = 2 kW; (c) the
input current, inverter output voltage, capacitor voltage, and grid current at
Pg = 1 kW before and after enabling the proposed APD control.

109



The respective reactive power support results under the leading and lag-
ging power factor conditions, i.e., Pg = 1 kW and Qg = ±1 kVAr, are
shown in Fig. 4.19(a) and (b), respectively. As can be seen, under the APD
control strategy, the input current is still free from low-frequency compo-
nents in both reactive power compensation cases. The bidirectional power
flow performance of the converter confirming absorbing power from the grid
and injecting power into the grid under the grid-connected and APD control
condition has also been shown in Fig. 4.19(c). Here, an electronic load is
connected in parallel to the DC power supply to absorb the power from the
grid flowing in the reverse direction. As can be realized, all the output volt-
age levels have been generated, while the input current direction is changed
from a negative value (absorbing power from the grid) to a positive value
(injecting power into the grid).

(a) (b)

(c)

Fig. 4.19. Experimental results under polluted grid-connected condition,
C = 75 µF, and Vdc = 100 V: (a) the input current, the inverter output
voltage, the grid voltage, and the grid current at Pg = 1 kW, Qg = +1 kVAr;
(b) the input current, the inverter output voltage, the grid voltage, and the
grid current at Pg = 1 kW, Qg = −1 kVAr; (c) the input current, the inverter
output voltage, the grid voltage, and the grid current showing bidirectional
power flow operation from Pg = −1 kW to Pg = +1 kW.
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To confirm the dynamic voltage conversion gain of the converter while
meeting the peak grid voltage requirement, another dynamic test with a
ramp change in the DC input voltage, i.e., from 60 V to 120 V, and with the
proposed APD control strategy is applied to the described S5B5L converter.
Details of this dynamic test while showing the DC input voltage, the input
current, the 5L inverter output voltage, the polluted grid voltage, the voltage
across the capacitors, and the injected grid current waveform at 1 kW are
illustrated in Fig. 4.20(a)-(c). Here, even though the DC input voltage is
getting changed with a ramp trend, the peak 5L output voltage of the inverter
is kept fixed at around 500 V, i.e., two times the voltage across each of the
capacitors, which is enough to inject the power to a grid with a maximum
peak voltage of 320 V as for its fundamental harmonic.

(a) (b)

(c)

Fig. 4.20. Experimental results under polluted grid-connected condition,
Pg = 1 kW, C = 75 µF, and Vdc = 60 V to Vdc = 120 V: (a) the DC input
voltage, the input current, the inverter output voltage, and the grid voltage;
(b) the DC input voltage, the input current, the inverter output voltage, and
the capacitor voltage; (c) the DC input voltage, the input current, inverter
output voltage, and the grid current.

One of the important aspects of any grid-connected power converter is
its power quality. As can be seen throughout the experimental results, the
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proposed APD control strategy affects the inverter output voltage. This
change can be observed in the frequency spectrum view of vinv and ig, as
shown in Fig. 4.21. As can be seen in Fig. 4.21(a), the proposed APD control
causes a slight increase in low-frequency harmonics of ig. More precisely,
THD values of ig using multi-PR and proposed control methods are 0.1% and
0.2%, respectively. These values are well within the limits of the available
standards (e.g., IEEE 519-2014). Moreover, Fig. 4.21(b) depicts the low-
and high-frequency harmonics of vinv. As can be seen, the difference in low-
frequency harmonics is negligible, and the weighted THD (WTHD) values of
vinv for both multi-PR and the proposed APD control methods are practically
identical. Therefore, a similar grid-interface filter can be used for both cases
to achieve the same level of THD. It is worth mentioning that there is a large
difference between the high-frequency harmonics of vinv with multi-PR and
the proposed controllers. However, these harmonic clusters are located at
two-times switching frequency (i.e., at 200 kHz for the switching frequency
of 100 kHz), where the grid-interface filter impedance is very high. Hence,
the impact of high-frequency harmonics on the THD of ig is not significant.

Finally, using a Yokogawa WT1806E precision power analyzer and the
PLECS model of the converter, the overall DC-AC conversion efficiency of
the S5B5L converter at Vdc = 100 V, and Vdc = 50 V under a wide range of
the injected grid power with and without the APD control is measured and
the results are shown in Fig. 4.22(a), and (b), respectively. As can be seen,
the results confirm the expectation obtained from the simulation shown in
Figs. 4.13 and 4.15, in which through applying the APD control, the overall
efficiency of the system is improved by approximately one percent at Vdc =
100 V and more than five percent at Vdc = 50 V, while the conduction losses
of the switches and copper losses of the input boost inductor are reduced.
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(a)

(b)

Fig. 4.21. FFT analysis results of the inverter output at C = 75 µF, Pg =
2 kW (unity power factor), and polluted grid voltage: (a) ig; (b) vinv.

(a) (b)

Fig. 4.22. Efficiency comparison with and without APD control at C =
75 µF, unity power factor, and polluted grid voltage: (a) Vdc = 100 V; (b)
Vdc = 50 V.
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4.6 Conclusion

This chapter has presented a grid-connected system with an integrated APD
capability based on the recently proposed S5B5L converter. Leveraging the
integrated capacitors in S5B5L converter, the APD functionality has been
achieved without adding any extra circuit components to the entire sys-
tem. The topology has been connected to a grid polluted with several low-
frequency harmonics. A GVO-based synchronization mechanism has also
been designed and included to inject a pure sinusoidal grid current, decom-
posing the harmonic components of the grid voltage, and providing a clean
feed-forward signal, including all the expected low-frequency harmonics. This
allows for developing a tailored control strategy based on the S5B5L struc-
ture using a single PR controller for the grid current injection with a filtered
feed-forward term. A comparative study has also been conducted to evalu-
ate the effectiveness of the proposed control strategy applied to the S5B5L
converter from the current stress on devices and the power losses of the ac-
tive/passive elements viewpoints. Moreover, a sensitivity analysis for the
values of the passive components at different operating points has been per-
formed. Extensive closed-loop experimental results obtained from a 2 kW
laboratory-based prototype under the grid-connected condition are presented
to validate the theoretical analysis of this proposal. As evidenced by these
experimental results, the proposed solution effectively eliminated the low-
frequency harmonic content from the input power drawn from the DC source
without enlarging the passive elements. Consequently, the conduction losses
are reduced, and thus, the overall efficiency of the entire conversion system
is improved.

As a direction for future work, some of the limitations of the presented
control strategy can be improved. For example, the LUTs used for average
capacitor voltage reference can be replaced by closed-form mathematical ex-
pressions. Another limitation is increasing the voltage stress on the circuit
elements such as capacitors and power switches, which can be potentially
improved through converter topologies or control strategies. Finally, in the
cases that the DC input source can provide some of the double-line frequency
ripple power, there is an opportunity to adjust the trade-off between volt-
age stress and input current ripple. This case has been investigated in more
detail in the following chapter.
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Chapter 5

Flexible Active Power
Decoupling for A Single-Stage
Single-Phase Grid-Connected
Inverter

In this chapter, the concept of APD is extended to a more general form.
A flexible APD idea is presented to enable adjusting the inherent tradeoffs
present in a conventional APD method. In the proposed method, the rip-
ple factor can be varied based on the application requirements and targets,
achieving a higher flexibility in controlling system’s operating conditions.

5.1 Introduction

In the previous chapter, an integrated active power decoupling technique has
been implemented with the proposed S5B5L-VSI to eliminate the double-line
frequency ripple at the DC port without any additional components. One
of the limitations in complete elimination of double-line frequency ripples on
the DC input current is the increased capacitor voltage ripple and increased
voltage stress on the circuit components. To have a better control over these
tradeoffs, a flexible APD (FAPD) approach is introduced. A qualitative com-
parison between the operating conditions without APD, with conventional
APD, and with FAPD is depicted in Fig. 5.1. In the following section, the
working principles of conventional APD and the proposed FAPD approaches
are presented.
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Fig. 5.1. A qualitative comparison based on the operating conditions without
APD, with conventional APD, and with the proposed FAPD methods.

5.2 APD Working Principle

In this section, the general equations of an APD system are derived and
presented step by step. Considering a sinusoidal grid voltage and injected
grid current, the instantaneous grid power can be calculated as:

vg = Vm sin(ωt) (5.1)

pg = vgig = Vm sin(ωt)Im sin(ωt+ ϕ) (5.2)

where Vm, Im, and ϕ are the peak grid voltage, peak grid current, and the
phase shift between the grid voltage and current, respectively.

Knowing the fact that any converter has some internal losses, the total
inverter input power is:

pinv = pg + ploss,inv (5.3)

where ploss,inv is the instantaneous inverter power loss. Assuming an ac-
ceptable efficiency of the power converter, the total inverter power can be
approximated as:

pinv = pinv,dc + pinv,ac = pg =
VmIm
2

cos(ϕ)− VmIm
2

cos(2ωt+ ϕ) (5.4)

pinv,dc =
VmIm
2

cos(ϕ) (5.5)
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pinv,ac = −VmIm
2

cos(2ωt+ ϕ) (5.6)

where pinv,dc and pinv,ac are the DC and ripple components of the instanta-
neous inverter power. As can be seen from (5.4)-(5.6), the ripple power of
the inverter has a double-line frequency and its amplitude is directly propor-
tional to Vm and Im. A buffer circuit can be utilized to compensate for this
ripple power. The following equation shows the power balance of the whole
system, including a buffer unit:

pin = pinv + pbuf + ploss,buf (5.7)

where pin, pbuf , and ploss,buf are the input power, buffer circuit power and
its losses, respectively. By neglecting the losses and substituting (5.4) into
(5.7), the total input power can be calculated as:

pin = pinv,dc + pinv,ac + pbuf . (5.8)

Generally, the aim of a buffer circuit is to completely nullify the AC
component of the inverter power. However, it can cause some restrictions in
terms of the required passive element sizing and voltage/current stress of the
active and passive components. In the next section, a dynamic and flexible
approach is introduced to overcome the mentioned limitations.

5.3 FAPD Working Principle

As mentioned in the previous section, a buffer circuit is conventionally in-
cluded to eliminate the AC ripple power of the single-phase inverters. To
generalize this approach, an FAPD method is proposed and explained in this
section.

Considering (5.8), the buffer can be used to cancel only a portion of the
AC ripple:

pbuf = −γpinv,ac (5.9)

where γ is the ripple compensation factor. Substituting (5.9) into (5.8) gives
the resultant input power:

pin = pinv,dc + (1− γ)pinv,ac. (5.10)

Note that if γ=1, the buffer cancels the AC ripple completely, similar to
the conventional buffer control methods. Assuming a constant voltage at the
DC side (Vin), the input current can be calculated:
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iin =
pin
Vin

=
VmIm
2Vin

[
cos(ϕ)− (1− γ) cos(2ωt+ ϕ)

]
. (5.11)

The proposed FAPD method can be implemented with a conventional
two-stage system as well as some single-stage boost-based inverters with
dynamic gain. Therefore, the FAPD method is formulated based on the
proposed S5B5L-VSI in the following.

The instantaneous power delivered or absorbed by the buffer circuit is
equal to sum of the powers of its energy storing-elements (Lin and Ca,Cb):

pbuf = pLin
+ pCt (5.12)

where pLin
and pCt are the instantaneous power of Lin and Ct, respectively.

Ct is the equivalent capacitance of Ca and Cb in parallel connection (Ct =
Ca + Cb).

The instantaneous power of the input inductor (Lin) can be expressed as:

pLin
= vLin

iin = Liniin
diin
dt

(5.13)

where vLin
is the voltage across Lin. By substituting (5.11) into (5.13), pLin

can be derived:

pLin
= 2ωLin(1−γ)

V 2
mI

2
m

4V 2
in

[
cos(ϕ) sin(2ωt+ϕ)− 1− γ

2
sin(4ωt+2ϕ)

]
(5.14)

Similarly, the instantaneous power of Ct can be obtained:

pCt = vCtiCt = CtvCt

dvCt

dt
= pbuf − pLin

(5.15)

where vCt is the voltage across Ca or Cb (it should be noted that the VCa = VCb

during the normal operation of S5B5L-VSI).

pCt =
γVmIm

2
cos(2ωt+ϕ)−ωLin(1−γ)

V 2
mI

2
m

4V 2
in

[
cos(ϕ) sin(2ωt+ϕ)−1− γ

2
sin(4ωt+2ϕ)

]
(5.16)

The voltage across the equivalent buffer capacitance (vCt) can be calcu-
lated by combining (5.15) and (5.16). The resultant differential equation is
a separable equation and its solution is:

vCt =
√

A1 sin(2ωt+ ϕ) + A2 cos(2ωt+ ϕ) + A3 cos(4ωt+ 2ϕ) + c (5.17)
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A1 =
γVmIm
2ωCt

(5.18)

A2 =
Lin(1− γ)V 2

mI
2
m

2CtV 2
in

(5.19)

A3 =
−Lin(1− γ)2V 2

mI
2
m

8CtV 2
in

(5.20)

where c is the integration constant. Note that the average voltage (dc com-
ponent) of Ca or Cb can be changed by using this constant.

5.4 Control Strategy

In this section, the proposed control strategy and its building blocks are il-
lustrated and explained in detail. Fig. 5.2 depicts the overall structure of
the controller and involved signals. The main block is based on a continuous
control set model predictive controller (CCS-MPC). The reasons for choos-
ing such a scheme are including excellent dynamic performance in transients,
inherent noise rejection capability, bilinear nature of the system, and com-
patibility with PS-PWM method.

Fig. 5.2. Block diagram of the proposed control system.

119



5.4.1 System Modeling

The continuous-time average dynamic model of the proposed S5B5L-VSI is
derived as:

diin(t)

dt
=

u1(t)− 1

Lin

vC(t) +
Vin

Lin

dig(t)

dt
=

−rg
Lg

ig(t) +
2u2(t)

Lg

vC(t)−
vg(t)

Lg

dvC(t)

dt
=

1− u1(t)

2C
iin(t) +

u2(t)

2C
ig(t)

(5.21)

where u1(t) ∈ [0, 1] is the boost duty cycle and u2(t) ∈ [−1, 1] is the AC
modulation reference, and Lg and rg are the inductance and resistance of
the grid-interface filter, respectively. Note that from here, C=Ct. Such a
dynamic system can be represented using state-space equations in a discrete-
time domain:

x(k) ≜
[
iin(k) ig(k) vC(k)

]T
(5.22)

u(k) ≜
[
u1(k) u2(k)

]T
(5.23)

x(k + 1) = Ax(k) +B(x(k))u(k) + g(k) (5.24)

y(k) = Cx(k) (5.25)

A =


1 0 −Ts

Lin

0 1− Tsrg
Lg

0

−Ts

2C
0 1

 (5.26)

B(k) =


Ts

Lin
vC 0

0 2Ts

Lg
vC

−Ts

2C
iin

−Ts

2C
ig

 (5.27)

C =

1 0 0

0 1 0

 (5.28)
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g(k) =
[

Ts

Lin
Vin

−Ts

Lg
vg 0

]T
(5.29)

where Ts is the sampling time of the control system.
There are a few important points that should be considered here:

� The controllability of the system is checked and verified.

� As can be seen from matrix B, the system is bilinear. Therefore, this
matrix must be updated at every sampling time.

� Although the system has three state variables, only two of them are
direct measurements. The capacitor voltage will be estimated by a
full-state observer.

5.4.2 Model Predictive Control

The CCS-MPC block with the prediction horizon of one is governed by the
following equations:

First, the state error and control input error vectors are calculated:

e(k) = x(k)− x⋆(k) (5.30)

δ(k) = u(k)− u⋆(k) (5.31)

Then, based on the obtained errors, a quadratic cost function can be
formed:

J(k) = ||eT (k + 1)Qe(k + 1)||22 + ||δT (k)Rδ(k)||22 (5.32)

Q =
[
λ1 λ2 λ3

]
I3 (5.33)

R =
[
σ1 σ2

]
I2 (5.34)

where I is the identity matrix, λi (i ∈ [1, 2, 3]) is the weighting factor for
the state i, and σj (j ∈ [1, 2]) is the weighting factor for the steady-state
condition of the control input j.

Therefore, the optimum control inputs can be found by minimizing the
defined cost function:

uopt(k) = arg
{
min
u(k)

J(k)
}

(5.35)
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Since the defined cost function has a quadratic form, the optimum control
inputs can be calculated by solving the following partial derivative equation
(PDE):

∂J(k)

∂u(k)
= 0 (5.36)

The general solution for (5.36) can be expressed as:

uopt(k) =
[
uopt
1 (k) uopt

2 (k)
]T

= −W−1F (5.37)

W = BTQB+R (5.38)

F = BTQ(Ax(k) + g(k)− x⋆(k + 1))−Ru⋆(k) (5.39)

It is worth mentioning that in the above solution, the control input con-
straints are not considered. Hence, the calculated optimum control inputs
might exceed their valid ranges. Therefore, a hard saturation is used to ob-
tain a sub-optimal solution due to the limited computational power of the
DSP controller.

ux(k) =


1 ,if uopt

x (k) > 1

uopt
x (k) ,if − 1 ≤ uopt

x (k) ≤ 1

−1 ,otherwise

. (5.40)

5.4.3 Grid Voltage Observer

In this work, a GVO is used to transform the measured instantaneous grid
voltage to the αβ frame and extract its amplitude. A state-space system is
formed to create a dynamic model and obtain the stationary reference-frame
components of the grid voltage. Assuming:

vg = Vm sin(ωt) (5.41)

where Vm and ω are the amplitude and angular frequency of the grid voltage.
It should be noted that vg is the grid voltage at the point of common coupling
(PCC), which can be directly sensed by the controller using a voltage sensor.

Then, the following continuous-time state-space system model is formed
to generate the orthogonal α and β signals:[

˙vg,α
˙vg,β

]
=

[
0 ω
−ω 0

] [
vg,α
vg,β

]
(5.42)
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y =
[
1 0

] [vg,α
vg,β

]
(5.43)

where y is the measured signal which is the actual grid voltage.
Finally, a Luenburger state observer is used to estimate vg,α and vg,β. The

added benefit of using an observer is its noise filtering feature that reduces
the impact of the grid voltage measurement noise on the system performance.
Alternatively, a PLL can be used to obtain vg,α and vg,β components.

5.4.4 Reference Design

After defining the foundation of the control strategy, the required references
for the MPC block should be formulated and calculated. Therefore, in this
part, the reference design for the proposed control system is presented.

First, vg,α and vg,β are used to extract the grid voltage amplitude as
follows:

V̂m =
√

v̂2g,α + v̂2g,β (5.44)

sin(ωt) = v̂g,α/V̂m (5.45)

cos(ωt) = v̂g,β/V̂m (5.46)

Next, the grid current amplitude reference can be calculated as:

I⋆m =
2P ⋆

g

V̂m

(5.47)

where P ⋆
g is the grid power reference.

Considering an L-type grid interface filter, the inverter output voltage
reference in steady-state is expressed as:

v⋆inv = rgIm sin(ωt+ ϕ) + ωLgIm cos(ωt+ ϕ) + v̂g,α (5.48)

where ϕ is the desired phase shift between vg and vg. Lg and rg are the grid
interface filter inductance and its parasitic series resistance, respectively.

In addition, the grid current and DC input current references in steady-
state are obtained as:

i⋆g = I⋆m sin(ωt+ ϕ) (5.49)

i⋆in =
V̂mI

⋆
m

2Vin

[
cos(ϕ)− (1− γ) cos(2ωt+ ϕ)

]
(5.50)
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Furthermore, the steady-state references of the control inputs are designed
as:

u⋆
1 = 1− Vin

V ⋆
C

(5.51)

u⋆
2 =

v⋆inv
2v̂C

(5.52)

where V ⋆
C and v̂C are the average and estimated capacitor voltage. In the

following, the state observer, which is used in this work, will be explained. It
should be noted that in the proposed control strategy, unlike many available
APD methods, the instantaneous capacitor voltage (ripple) has not been
directly sensed or controlled. Instead, only the DC input and AC output
currents are controller through the MPC block and the capacitor average
voltage is controlled by a PI controller. To the best of the author’s knowl-
edge at the time of writing this thesis, there is no published work using the
proposed approach.

5.4.5 State Observer

A full-state observer is used here to eliminate the need for direct capacitor
voltage measurement and improve the system’s robustness against the noise
in measured state variables. A Luenburger observer is designed using the
pole placement approach with the following parameters:

ζ = 0.707, ωn = 2π × 1000rad/s (5.53)

The main observer equation in discrete-time domain is:

x̂(k + 1) = Ax̂(k) +B(k)u(k) + L(y(k)− ŷ(k)) (5.54)

where x̂(k + 1) is the estimated state vector for the next sampling time,
L is the observer gain matrix, y(k) is the output state vector, and ŷ(k) is the
estimated output state vector. As can be seen in the above equation, this
observer is estimating the state variables in the next sampling time. Hence
it is a prediction-based observer. This is an important feature that can be
leveraged when combined with a digital controller. The reason behind is the
control delay imposed by the DSP architecture. A prediction of one sampling
time ahead is required to compensate for this delay and stable operation of
the controller as indicated in (5.32).
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5.4.6 Capacitor Voltage Controller

A simple proportional-integral (PI) controller is used to regulate the average
voltage across the capacitors (Ca, Cb), as shown in Fig. 5.2. A low-pass
filter with the cut-off frequency of 2ω is inserted to remove the double-line
frequency ripple component of vC .

PC = VCiC = CVC
dVC

dt
(5.55)

where VC is the filtered (average) capacitor voltage. Transforming the
above dynamic equation into the s-domain gives:

VC

PC

=
1

sC

1

VC

(5.56)

By defining a new control input, uPI , a feed-forward approach is adopted:

uPI =
PC

VC

(5.57)

VC

uPI

=
1

sC
(5.58)

Therefore, a PI controller can be designed based on a first-order plant
transfer function. The purpose of this PI controller is to generate a capacitor
power reference:

P ⋆
C = uPI ∗ VC (5.59)

P ⋆
g = P ⋆

in − P ⋆
C (5.60)

where P ⋆
g , P

⋆
in, and P ⋆

C are the average references for grid power, DC input
power, and capacitor power, respectively.

5.4.7 Minimum Capacitor Voltage Reference Estima-
tion

In this subsection, the minimum required average capacitor voltage for a
given operating point is estimated. The motivation of such estimation is
reducing the voltage stress across the power switches and capacitors. Con-
sequently, it can lead to a reduced power losses, especially, switching loss of
the semiconductors.

Considering (5.17)-(5.20), the ratio between the coefficients have been
calculated as follows:
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A2

A1

=
1− γ

γ

LinVmIm
V 2
in

(5.61)

A3

A2

=
γ − 1

4
(5.62)

For practical operating conditions of Vm < 340 V, Im < 30 A, Vin > 50 V,
and γ > 0.3, the coefficients can be approximated as:

A2/A1 ≈ 0

A3/A1 ≈ 0
(5.63)

It should be noted that the above approximations can be inaccurate at
some certain operating conditions such as smaller values of γ. Consequently,
the estimated capacitor voltage is expressed as:

vC ≈
√

A1 sin(2ωt+ ϕ) + c (5.64)

Regarding the high-frequency operation of the converter and small value
of Lin, and using (5.21), the value of u1 can be approximated as:

u1(t) ≈
vC(t)− Vin

vC(t)
(5.65)

Therefore, considering the improved modulation scheme and voltage gain
from (3.7), the maximum inverter voltage is calculated:

vinv,max(t) =
1 + u1(t)

1− u1(t)
Vin ≈ 2vC(t)− Vin (5.66)

Knowing the relatively small impedance of the grid interface filter induc-
tor (Lg) at the line frequency, it can be assumed that vLg ≈ 0. As a result,
the following equation can be derived:

vinv,max ≈ vg(θi) (5.67)

where θi is the fundamental angle at which |vg − vinv,max| is minimized.
Using (5.66) and (5.67), the minimum capacitor voltage can be expressed as:

min(4v2C) ≈ (vg(θi) + Vin)
2 (5.68)

Obtaining the precise value of θi using analytical methods needs a con-
siderable computation power which exceeds the limits of a regular DSP con-
troller such as C2000 series microcontrollers. Therefore, an intuitive estima-
tion is used based on the capacitor voltage waveform shape:
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θi ≈
π

2
+ (

π

4
− ϕ

2
)

A1

v̄2C(t)
(5.69)

By combining (5.64), (5.68), and (5.69), a simplified closed-form estima-
tion of the minimum required capacitor voltage at a given operating condi-
tions can be derived:

V̄C,min ≈ 1

2

√
γVmIm
ωC

+ (Vm sin(θi) + Vin)2 (5.70)

5.5 Theoretical Analysis

In this section, the impact of the operating conditions on the system perfor-
mance is studied. Such theoretical analysis is based on the derived equations
in the previous sections. The results are visualized using 3D figures and
color mapped surfaces. The amplitude of grid voltage (Vm) is set at 320 V
peak and the grid frequency is 50 Hz. Moreover, the value of Lin and Lg

are considered as 140 µH and 1.2 mH. Additionally, the losses are neglected
and fsw is 100 kHz. The chosen values for the inductors are based on the
original S5B5L-VSI design explained in Chapter 3. For the selected values of
the capacitors, three representative values have been considered: C = 75 µF
as a very small capacitor that can be realized by high-performance film- or
ceramic type internal structures; C = 150 µF as a small electrolytic-type
capacitor; and C = 220 µF as a larger electrolytic capacitor with a reduced
voltage stress.

Fig. 5.3 show the minimum required average capacitor voltage which is
estimated by (5.69)-(5.70) at Pg = 3 kW at different ripple factors, capacitor
values, and DC input voltages. As can be seen, the required average capacitor
voltage increases at lower values of C and larger values of γ. It is worth
mentioning that all the following figures in this section are based on the
minimum average capacitor voltages shown in Fig. 5.3. Figure 5.4 depicts
the capacitor voltage ripple (peak-peak value) at Pg = 3 kW at different
ripple factors, capacitor values, and DC input voltages. As can be seen,
the capacitor voltage ripple increases at lower values of C and larger values
of γ. The importance of this figure is in estimating the capacitor lifetime,
especially in the case of using electrolytic capacitors. Similarly, Fig. 5.4
illustrates the capacitor peak voltage at Pg = 3 kW at different ripple factors,
capacitor values, and DC input voltages. As expected, the capacitor peak
voltage increases at lower values of C and larger values of γ. The capacitor
peak voltage has a significant impact on the switching losses and component
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selection in the proposed converter, since all the power switches must block
this voltage.

(a) (b)

(c)

Fig. 5.3. Minimum required average capacitor voltage at different ripple
factors and Pg = 3 kW at (a) Vin = 50 V, (b) Vin = 75 V, and (c) Vin = 100 V.
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(a) (b)

(c)

Fig. 5.4. Capacitor voltage ripple at different ripple factors and Pg = 3 kW
at (a) Vin = 50 V, (b) Vin = 75 V, and (c) Vin = 100 V.
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(a) (b)

(c)

Fig. 5.5. Capacitor peak voltage at different ripple factors and Pg = 3 kW
at (a) Vin = 50 V, (b) Vin = 75 V, and (c) Vin = 100 V.

Moreover, the influence of the grid power on the capacitor voltage is
investigated in Figs. 5.6-5.8 at Vin = 100 V and different ripple factors and
capacitor values. As shown in the mentioned figures, the required average
voltage, ripple and peak voltage of the capacitor increases at higher powers
and ripple factors. In addition, larger capacitance values lower the capacitor
voltage as the energy storage capability is enhanced.
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(a) (b)

(c)

Fig. 5.6. Capacitor voltage ripple at different ripple factors at Vin = 100 V
(a) C = 75 µF, (b) C = 150 µF, and (c) C = 220 µF.

131



(a) (b)

(c)

Fig. 5.7. Capacitor average voltage at different ripple factors at Vin = 100 V
(a) C = 75 µF, (b) C = 150 µF, and (c) C = 220 µF.
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(a) (b)

(c)

Fig. 5.8. Capacitor peak voltage at different ripple factors at Vin = 100 V
(a) C = 75 µF, (b) C = 150 µF, and (c) C = 220 µF.

Furthermore, the impact of the power factor on the capacitor voltage is
illustrated in Fig. 5.9 and Fig. 5.10 at Vin = 100 V, S = 3 kVA, and different
ripple factors and capacitor values. Fig. 5.9 shows the capacitor ripple voltage
at different operating conditions. Unlike the previous figures, the surfaces
in this figure are not smooth and the gradients are not continuous. As a
general trend, larger values of γ and smaller values of ϕ lead to an increased
capacitor ripple voltage. Additionally, Fig. 5.10 depicts the capacitor peak
voltage. Similar to Fig. 5.9, the gradient of the surfaces are not continuous.
However, the trends are not the same. Here, the capacitor peak voltage is
higher at larger ϕ values. In both figures, a higher capacitance value causes
a lower ripple and peak voltage across the capacitors.
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(a) (b)

(c)

Fig. 5.9. Capacitor voltage ripple at different ripple factors and power factors,
S = 3 kVA, Vin = 100 V (a) C = 75 µF, (b) C = 150 µF, and (c) C = 220 µF.
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(a) (b)

(c)

Fig. 5.10. Capacitor peak voltage at different ripple factors and power factors,
S = 3 kVA, Vin = 100 V (a) C = 75 µF, (b) C = 150 µF, and (c) C = 220 µF.

As the last case study, the effect of the DC input voltage on the capacitor
voltage is visualized in Fig. 5.11 and Fig. 5.12 at Pg = 3 kW, different
ripple factors, DC input voltages, and capacitor values. Fig. 5.11 shows
the capacitor ripple voltage at different operating conditions. Furthermore,
Fig. 5.12 shows the capacitor peak voltage. As a general trend, larger values
of γ lead to an increased capacitor ripple voltage. As can be seen, due
to the dynamic voltage boosting capability of the proposed S5B5L-VSI, the
influence of the input voltage on the converter operation is not significant
for the considered voltage range. This is a very important feature of the
proposed converter and the implemented control strategy, especially for PV
and battery energy storage applications.
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(a) (b)

(c)

Fig. 5.11. Capacitor voltage ripple at different ripple factors and input volt-
ages, Pg=3 kW (a) C = 75 µF, (b) C = 150 µF, and (c) C = 220 µF.
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(a) (b)

(c)

Fig. 5.12. Capacitor peak voltage at different ripple factors and input volt-
ages, Pg=3 kW (a) C = 75 µF, (b) C = 150 µF, and (c) C = 220 µF.

As can be seen from Fig. 5.3 to Fig. 5.12, the worst-case scenario in terms
of voltage stress on the power components happens at higher ripple factors
(due to the higher power difference between the DC and AC sides), higher DC
input voltages, lower capacitance values, higher powers, and lower ϕ values.

5.6 Sensitivity Analysis

This section investigates the impact of the grid impedance and its uncertain
value on the performance of the presented control strategy. First, it should
be noted that the controller can only measure the grid voltage at the PCC,
where a voltage sensor is employed to directly sense the grid voltage. Such a
configuration for a single-phase system is depicted in Fig. 5.13. Herein, the
grid impedance has been considered as Lgrid,L and rgrid,L for the active line
and Lgrid,N and rgrid,N for the neutral line. The mentioned grid impedances
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with the ideal grid voltage, vg,int, form the Thevenin equivalent circuit model
of the grid. It is worth emphasizing that the grid-interface filter, Lg, is a part
of the converter and it’s values is considered to be known.

Since this work is not focusing on the weak grids, the converter’s op-
eration and power quality has been simulated under ideal case with zero
total grid impedance (i.e., Lgrid,L + Lgrid,N = 0 and rgrid,L + rgrid,N = 0),
and a significantly larger grid impedance (i.e., Lgrid,L + Lgrid,N = 4mH and
rgrid,L + rgrid,N = 50mΩ). In addition, two values (minimum and maximum)
have been considered for the grid-interface filter, representing the manu-
facturing tolerances of the inductors. Table 5.1 summarizes the sensitivity
analysis results in terms of AC power quality. The system parameters and
component values are the same as in Section 5.5 and the converter is oper-
ated with FAPD at Vin = 100 V, Pg = 3 kW, C = 75 µF, and different γ
values.

As indicated in the sensitivity analysis results, higher γ values lead to
higher THD values which is one the tradeoffs of the proposed FAPD method.
This issue stems from the increased high-frequency harmonic content in the
inverter voltage due to the higher required capacitor average voltage. More-
over, the addition of the grid impedance does not have a significant impact
on the grid-side power quality at relatively large values of Lg (in this analysis,
when Lg = 1.6 mH).

Furthermore, to consider the impact of the imbalanced capacitor values
due to existing component tolerances, three sets of simulations have been
conducted with different capacitance imbalances and γ values. In this anal-
ysis, when there is no capacitance imbalance, both Ca and Cb experience the
same current stress due to the symmetric circuit topology and modulation.
However, in the case of ±20% capacitance mismatch, a slightly higher cur-
rent passes through the smaller capacitor. Therefore, the difference in the
RMS currents of two capacitors is less than 2%, as listed in Table 5.2.

+

-+
+ +

Fig. 5.13. Detailed diagram of the proposed grid-connected system.
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Table 5.1
Sensitivity analysis results considering the grid impedance and

grid-interface filter uncertainty

γ Lg Lgrid,P + Lgrid,N THDig

0 1.2 mH 0 mH 0.4 %
0.6 1.2 mH 0 mH 0.6 %
1 1.2 mH 0 mH 1 %
0 0.8 mH 4 mH 0.7 %
0.6 0.8 mH 4 mH 0.9 %
1 0.8 mH 4 mH 1.1 %
0 0.8 mH 0 mH 0.6 %
0.6 0.8 mH 0 mH 0.8 %
1 0.8 mH 0 mH 1.1 %
0 1.6 mH 4 mH 0.4 %
0.6 1.6 mH 4 mH 0.5 %
1 1.6 mH 4 mH 0.9 %
0 1.6 mH 0 mH 0.3 %
0.6 1.6 mH 0 mH 0.5 %
1 1.6 mH 0 mH 0.9 %

Table 5.2
Sensitivity analysis results considering the capacitance mismatch

γ Ca Cb ICa,rms ICb,rms

0 75 µF 75 µF 11.49 A 11.49 A
0 60 µF 90 µF 11.56 A 11.47 A
0.6 75 µF 75 µF 10.35 A 10.35 A
0.6 60 µF 90 µF 10.49 A 10.33 A
1 75 µF 75 µF 9.97 A 9.97 A
1 60 µF 90 µF 9.85 A 10.26 A

5.7 Simulation Results

In this section, the operation of the proposed control strategy for the the
S5B5L-VSI as a grid-tied bidirectional inverter is verified through simulation.
The system parameters and component values are the same as in Section 5.5.
As for the first scenario, Fig. 5.14 depicts the converter operation with FAPD
at Vin = 100 V, Pg = 1 kW, C = 75 µF, and different γ values. As can be
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seen, when γ = 0, FAPD is disabled, the capacitor ripple voltage is very
small, and the input current fluctuates between 0 A to 20 A at double-line
frequency. When γ = 1, the capacitor voltage has the maximum ripple and
the DC input current is constant at 10 A with only high-frequency ripples
caused by the switching action. This full APD operation mode is the same
as conventional APD methods. However, when γ = 0.6, the capacitor ripple
voltage decreases compared to the full APD mode. Moreover, the DC input
current has the same average value, but with a larger 100 Hz imposed ripple.
As shown here, the proposed control method can track the references without
any undesirable transients and the tradeoff between the ripples on capacitor
voltage and input current can be balanced using the γ parameter.

In the second scenario, the bidirectional operation of the system is sim-
ulated. Fig. 5.15 shows the key waveforms of the system with FAPD at
Vin = 100 V, γ = 0.6, and Pg from +3 kW to -3 kW. Similar to the previous
case, the transition is fast and without any significant overshoot or oscilla-
tions. This feature can be utilized effectively in the battery-based energy
storage systems. Furthermore, Fig. 5.16 depicts the performance of the pro-
posed method in reactive power support. In this case, Vin = 100 V, γ = 0.6,
and Pg = 1 kW, and Qg changes from +1 kVAr to -1 kVAr.

To highlight one of the possible applications of the proposed FAPDmethod,
a grid-connected energy storage system is considered. Using the S5B5L-VSI
with a conventional APD method, the low-frequency ripple component of
the capacitor voltages can grow excessively at higher power references, ul-
timately causing power quality issues. Such operating condition has been
depicted in Fig. 5.17, where the grid power reference is increased for a short
period of time. As can be seen in Fig. 5.17, although the dc input current
is almost flat, the grid current is distorted at the higher demanded power.
Conversely, using the proposed FAPD approach, the peak capacitor voltage
is kept constant while a high-quality current waveform is preserved, as shown
in Fig. 5.18. In this case, a lower ripple factor has been chosen based on the
theoretical analysis results to keep the capacitor peak voltage constant. As a
consequence, a fraction of the instantaneous ripple power is drawn from the
dc input source. This approach can be useful for improving the peak power
handling capability for short periods of time, especially with battery-based
input sources. Since only a fraction of the ac ripple is present at the dc input
side temporarily, the known disadvantages of the ac ripple drawn from the
dc source, such as reduced efficiency and battery degradation, are less pro-
nounced. As verified in this section, the proposed control method can track
power references without any undesirable transients, and the tradeoff be-
tween the ripples on capacitor voltage and dc input current can be balanced
using the γ parameter, based on the specific requirements of each particular
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application.
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Fig. 5.14. Simulation results of the proposed S5B5L-VSI with FAPD at
Vin=100 V, Pg=1 kW, and different γ values.
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Fig. 5.15. Simulation results of the proposed S5B5L-VSI with FAPD at
Vin=100 V, γ = 0.6, and Pg from +3 kW to -3 kW.
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Fig. 5.16. Simulation results of the proposed S5B5L-VSI with FAPD at
Vin=100 V, γ = 0.6, and Pg = 1 kW, and Qg from +1 kVAr to -1 kVAr.

5.8 Conclusion

A novel control strategy for FAPD has been introduced in this work. The
mathematical derivation and the controller structure are presented in detail.
Unlike the conventional APD methods, the proposed method can adjust the
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Fig. 5.17. Simulation results of the S5B5L-VSI with conventional APD at
Vin = 100 V, and pulsed transition from Pg = 1 kW to Pg = 2 kW.
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Fig. 5.18. Simulation results of the S5B5L-VSI with the proposed FAPD at
Vin = 100 V, and pulsed transition from Pg = 1 kW to Pg = 2 kW.
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balance between the desired ripple at the DC and AC sides with a continuous
variable. A model predictive controller is used as the core of the proposed
method to improve the transient performance. The correct operation of
the proposed controller is verified in the simulation. Due to the COVID-
19 pandemic and unexpected lab shutdowns, this idea was verified at the
simulation level at the time of writing this thesis. As part of the future works,
the proposed idea will be further analyzed and verified through experiment.
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Chapter 6

An Interleaved Single-Stage
Switched-Boost
Common-Ground Multilevel
Inverter: Design, Control, and
Experimental Validation

This chapter introduces an interleaved single-stage switched-boost common-
ground inverter to realize a scalable and modular converter with numerous
interesting features such as bidirectional power flow, dynamic voltage boost-
ing gain, common-grounded structure, adjustable power sharing, etc.

6.1 Introduction

One of the limitations of the proposed S5B5L-VSI is its high-frequency CMV
and power scalability. To address these limitations, the concept of interleaved
CGSB-based MLI is developed in this work, which extends and complements
the work presented in [174]. The proposed interleaved CGSB-MLI offers
several important features:

� Modularity and generalization capability to realize a large number of
output voltage levels and scalable power rating.

� Independently controllable power sharing among the modules enabling
Active Thermal Control (ATC) and fault-tolerance capability under
grid-connected conditions.
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� Single-stage DC-AC power conversion with dynamic voltage boosting
and CG features.

� Bidirectional power flow operation and full reactive power support.

� Uniform MVS across all devices with a reduced current stress profile.

� Enhancement of the apparent inverter output switching frequency with
a PS-PWM technique.

� Continuous and spike-free operation of the input current with a current
ripple cancellation capability.

� Using smaller passive component values compared to the similar avail-
able solutions.

In the following, the working principles of the proposed interleaved CGSB-
MLI and its modulation/control strategy over a derived 7L configuration are
discussed.

6.2 Proposed Interleaved CGSB-MLI and Its

Modulation/Control Strategy

This section discusses the working principle of the proposed generalized topol-
ogy, followed by the modulation and control strategy for a 7L variant of the
proposed interleaved CGSB-MLI.

6.2.1 Working Principle of the Proposed Generalized
Topology

The proposed topology is developed using an interleaved connection of N CG-
based QHB modules with a single DC source, Vdc, as illustrated in Fig. 6.1.
The interleaved connection can work based on the input-parallel, output-
parallel condition, while the resultant system is connected to the grid via split
inductor filters of Lgx . Here, x ∈ {1, 2, ..., N} is the index per each module
to realize 2N + 1 number of output voltage levels as per vinv. Regarding
such configuration, the proposed overall system possesses a CG-based feature
with the leakage current cancellation capability. Here, each of these CG-
QHB modules needs an input boost inductor, Ldcx , five power switches, and
a floating capacitor, Cx. The working principle of such a CG-based QHB
module has been presented in Chapter 3, where each of them can generate
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a 3L-switched voltage at its output, vx, with a continuous input current
profile. Taking one CG-QHB module into account, the switching condition
and the status of the input inductor per each module are listed in Table 3.1.
Regarding such working principle and considering the switch Six as the ith

switch in each of CG-QHB modules (i ∈ {1, 2, ..., 5}), the switch S1x must
be triggered with a constant boost duty cycle, Dx, which determines the
boosted voltage across Cx in steady-state as follows:

VCx =
Vdc

1−Dx

. (6.1)

Here, the 3L output voltage in each of the CG-based QHB modules is
realized with an AC modulation reference, dx, as:

vx = dxvCx (6.2)

where vCx is the instantaneous value of the capacitor voltage per module.
Moreover, as per Table 3.1, the Switch S1x must be ON for generating a
negative voltage at the module output, i.e., vx = −vCx . Consequently, this
constraint limits the maximum fundamental component in each CG-QHB
module’s output voltage, which results in the following expression:

v̂xfund.
= DxVCx =

Dx

1−Dx

Vdc. (6.3)

The above equation confirms that the proposed topology can work even
when a low or wide-varying DC input voltage is available since the boost
duty cycle can be properly tuned to meet the minimum grid peak voltage re-
quirement for power injection. Taking advantage of the proposed interleaved
configuration, and considering igx as the output current per each CG-QHB
module, the overall injected grid current can be denoted as:

ig = ig1 + ig2 + · · ·+ igN . (6.4)

The above-mentioned relationship can facilitate a large injected grid cur-
rent handling capability, which can be propitious for ATC and fault-tolerant
performance of the whole system. Moreover, due to the input-parallel output-
parallel configuration of this interleaved-based topology, the maximum volt-
age stress across all the semiconductor devices is identical and equal to the
boosted voltage of the involved capacitors.

Meanwhile, to realize the relationship between the resultant output volt-
age of the proposed interleaved CGSB-based MLI, the following expression
for the total grid current, ig, can be derived as:

Lg
dig
dt

+ rgig = vinv − vg. (6.5)
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Fig. 6.1. The proposed interleaved CGSB-based MLI.

On the other hand, the AC currents for each of the CG-QHB modules
can be expressed as:

Lg1

dig1
dt

+ rg1ig1 = v1 − vinv

Lg2

dig2
dt

+ rg2ig2 = v2 − vinv

...

LgN

digN
dt

+ rgN igN = vN − vinv

(6.6)

where rgx is the ESR of the split filter inductors, and vg is the grid voltage.
Therefore, the overall switched-voltage of the proposed interleaved CGSB-
MLI is obtained as:

vinv =

∑N
k=1

vk−rgk igk
Lgk

+ vg+rgig
Lg∑N

k=1
1

Lgk
+ 1

Lg

. (6.7)

Considering the same value as per each of the split inductors incorporated
at the output of CG-QHB modules, the relationship of vinv can be further
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Table 6.1
Working principle of the proposed 7L variant of the proposed interleaved
CGSB-based MLI with 3 CG-QHB modules (assuming Lg ≫ Lgx/N)

State v1 v2 v3 vinv
1 +vC1 +vC2 +vC3

+vC1
+vC2

+vC3

3
= +VC

2 +vC1 +vC2 0
+vC1

+vC2

3
= +2VC/3

3 +vC1 0 +vC3

+vC1
+vC3

3
= +2VC/3

4 0 +vC2 +vC3

+vC2
+vC3

3
= +2VC/3

5 +vC1 0 0
+vC1

3
= +VC/3

6 0 +vC2 0
+vC2

3
= +VC/3

7 0 0 +vC3

+vC3

3
= +VC/3

8 0 0 0 0

9 −vC1 0 0
−vC1

3
= −VC/3

10 0 −vC2 0
−vC2

3
= −VC/3

11 0 0 −vC3

−vC3

3
= −VC/3

12 −vC1 −vC2 0
−vC1

−vC2

3
= −2VC/3

13 0 −vC2 −vC3

−vC2
−vC3

3
= −2VC/3

14 −vC1 0 −vC3

−vC1
−vC3

3
= −2VC/3

15 −vC1 −vC2 −vC3

−vC1
−vC2

−vC3

3
= −VC

simplified as:

vinv =

1
Lgx

∑N
k=1 vk + ( rg

Lg
− rgx

Lgx
)ig +

vg
Lg

N
Lgx

+ 1
Lg

. (6.8)

Assuming similar parameters for all the CG-QHB modules, and a rel-
atively large grid-side filter inductor (Lg ≫ Lgx/N), the resultant inverter
output voltage value can be approximated as:

vinv ≈
v1 + v2 + ...vx

N
. (6.9)

It should be noted that the required number of interleaved modules, N ,
can be chosen based on the maximum required injected power and the power
rating of each module.
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6.2.2 Modulation/Control Strategy for A 7L Variant
of the Proposed Converter

The proposed inverter can generate a 2N + 1-level output voltage waveform
using N CG-QHB modules with a PS-PWM technique. The PS value among
the carriers is equal to 2π/N , while the harmonic cluster of the AC output is
at Nfsw for a fsw switching frequency. Taking three modules of the described
CG-QHB into account, a 7L-CGSB-based inverter with an interleaved config-
uration is derived. The working principle of such a 7L-CGSB-based inverter
is provided in Table 6.1. As can be realized, the middle levels of the resul-
tant inverter output voltage, i.e., ±2VC/3 and ±VC/3, are generated using
three redundant switching states (RSSs). This can help the converter to be
modulated with a PS-PWM scheme leading to enhancement in the apparent
frequency of AC waveforms to three times the switching frequency. Details
of such a PS-PWM strategy with the resultant gate switching pulses of the
switches are shown in Fig. 6.2. To integrate all the RSSs into the modulation
process and to enhance the apparent switching frequency of the 7L inverter
output voltage, three PS carriers, i.e., Cr1, Cr2, and Cr3, with 120◦ phase dis-
placement with respect to each other are needed as shown in Fig. 6.2. These
PS carriers within the PS-PWM scheme need to be compared with both
DC and AC modulation references as depicted in Fig. 6.2. Here, an identi-
cal/same value of the boost duty cycle Dx for all the CG-QHB modules and
a sinusoidal AC modulation reference d(t) as per (6.10) are considered.

d(t) = m sin(ωt) (6.10)

where m is the modulation index, and ω is the angular frequency of the grid
voltage. Here, due to the limitation of each of described CG-QHB modules
in generating the negative output voltage level (discharging of Ldcx during
this level is not possible), the value of Dx must be within the following range:

0 ≤ m ≤ Dx. (6.11)

Such limitation on the modulation index results in a slightly higher volt-
age stress on the power components. The impact of this limitation is in-
vestigated in more detail in Section 6.5. Utilizing the proposed converter
in a full bridge differential configuration in a single-phase application (i.e.,
two sets of CG-QHB modules, one set synthesizes the active line and the
other set generates the neutral line) can mitigate this limitation at the cost
of increased CMV due to loss of CG feature. Moreover, in a three-phase ap-
plication, common modulation and control techniques such a zero-sequence
voltage injection can alleviate the voltage stress on the circuit components.
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Fig. 6.2. Modulation waveforms and gate switching pulses of the 7L variant
of the proposed interleaved CGSB-based MLI, where D = Dx.

Regarding such modulation strategy, a detailed diagram of the closed-
loop system to inject the power to the grid via the proposed 7L-CGSB-based
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inverter is illustrated in Fig. 6.3. The control procedure is based on a PR
controller per each CG-QHB module, while considering the required active
and reactive power, P ⋆

g , and Q⋆
g, the sinusoidal current reference is defined

as (6.12) for the whole interleaved system:

i⋆g =
2P ⋆

g

Vm

cos(ωt) +
2Q⋆

g

Vm

sin(ωt) (6.12)

where Vm is the peak grid voltage, vg. Here, any grid synchronization strat-
egy, such as a PLL, can be used to extract the phase, ωt, and amplitude, Vm,
of the grid voltage. To realize a controllable power sharing in the proposed
inverter, the total grid current expressed in (6.12) must be distributed among
the CG-QHB modules using a set of current weighting factors, λx. Therefore,
the AC current reference for each CG-QHB module can be expressed as:

i⋆gx = λxi
⋆
g (6.13)

where
3∑

x=1

λx = 1. (6.14)

Hence, three PR controllers with the transfer function of Cac(s) are re-
quired to accurately track the module AC current references, i⋆gx , calculated
in (6.13). Considering Gac(s) as the system plant, the procedure in Sec-
tion 2.2.4.1 was followed to design the PR controllers represented by their
transfer function, Gac(s). The overall view of the controller for the 7L variant
of the proposed inverter is illustrated in Fig. 6.3.

Consequently, the PR controllers generate three AC reference signals d1,
d2, and d3, to synthesize a 3L-switched voltage per each module, i.e., v1, v2,
and v3, which in turn results in a 7L output voltage, vinv, of the resultant
system.
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Fig. 6.3. Controller block diagram.
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6.3 Passive Elements Design Guidance

This section presents a straightforward method for determining the passive
component values of the proposed interleaved CGSB-based MLI. To simplify
the analysis, the following assumptions are made:

� All the components are ideal (e.g., no parasitic resistance, inductance,
or capacitance in the circuit).

� The inverter is operating at unity power factor.

� Only the second harmonic (2ω) has been considered for the low-frequency
ripple estimations.

� All the CG-QHB modules are identical.

6.3.1 Design of Ldcx and Cx

Due to the high-frequency SB-based action and single-phase operation of
the proposed structure, both low- and high-frequency ripples are expected
for the current passing through each of the input boost inductors, iinx , and
the instantaneous voltage across each of CG-QHB module capacitor, vCx .
To estimate the low-frequency ripples of these variables, an AC equivalent
circuit of the proposed converter using its averaged model is extracted [160].
Hence, the following low-frequency ripples of iinx and vCx are taken as:

∆vLF,Cx =
2VmImxωLdcx(1−Dx)

|4ω2LdcxCx − (1−Dx)2|Vdc

(6.15)

∆iLF,dcx =
VmImx(1−Dx)

2

|4ω2LdcxCx − (1−Dx)2|Vdc

(6.16)

where ∆vLF,Cx and ∆iLF,inx are the low-frequency peak-to-peak ripples of vCx

and iinx , respectively, and Imx is the peak module AC current, igx .
Next, the high-frequency ripples of vCx and iinx can also be derived as

follows [67]:

∆vHF,Cx =
Dx(1−Dx)idc,maxx

Cxfsw
(6.17)

∆iHF,dcx =
DxVdc

Ldcxfsw
(6.18)

where ∆vHF,Cx and ∆iHF,dcx are the high-frequency peak-to-peak ripples of
vCx and idcx , respectively. Additionally, idc,maxx is the maximum value of the
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low-frequency component of the input current per module, estimated as:

idc,maxx =
Pgx

Vdc

+
∆iLF,dcx

2
(6.19)

where Pgx is the power injected from each CG-QHB module.
It is worth noting that there is a coupling between ∆vLF,Cx and ∆iLF,inx ,

as both expressions include Ldcx and Cx. Assuming 10% ripple on the voltage
across capacitors, the required value of the boost duty cycle is obtained from
(6.3). Then, considering a sinusoidal 50 Hz grid voltage with Vm = 340 V as
the peak amplitude, and maximum injected power to the grid as Pg = 5.1 kW,
the values of the passive components are calculated and shown in Fig. 6.4 for
a wide range of DC input voltages. It should be noted that the points above
the boundary surface in Fig. 6.4 result in a smaller low-frequency ripple
and stable operation of the proposed converter. As can be seen, smaller
values of Ldcx allow for a wider range of DC input voltages. Therefore, a
smaller value of Ldcx is desirable when a wide operating DC voltage range
is required. Having said that, an intuitive procedure for passive component
values determination is suggested as follows:

1. Ldcx is obtained using (6.18) for any given desired high-frequency in-
ductor current ripple and operating condition.

2. Given Ldcx , and the desired low-frequency capacitor voltage ripple, the
required value of Cx can be estimated using (6.15).

3. Substitute the selected Ldcx and Cx values into (6.16) and (6.17) and
check if the estimated ripples are acceptable.

4. Fine-tune the values if needed and verify the results using (6.15)-(6.18).
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Fig. 6.4. Boundary values for passive circuit components using three CG-
QHB modules assuming 10% ripple on capacitor voltages at different DC
input voltages, Vm = 340 V, and Pg = 5.1 kW.

Considering Fig. 6.4 and the above-mentioned procedure, for a given value
of Vdc = 120 V, a value of 340 µH and 75 µF can be taken for the Ldcx and
Cx, respectively.

On the other hand, getting to know the nature of the input current drawn
from the DC source in terms of high-frequency ripple is helpful to better
monitor the performance of the input DC power supply, i.e., battery, PV
strings, fuel cells, etc. It is also particularly important for the DC and/or
EMI filter design. As mentioned earlier, due to the interleaved configuration
of the proposed CGSB-based MLI, the high-frequency ripple contents of the
input current drawn from the DC source is always lower than the ripple
current passing through each of the boost inductors Ldcx . To derive the high-
frequency ripple values for the proposed converter, first, the switched voltages
are expressed in terms of high-frequency harmonics using the Fourier series.
Then, the resultant waveforms are superimposed to obtain the maximum
ripple amplitudes. Hence, the high-frequency peak-to-peak ripple value for
the input current is taken as:

∆iHF,dc =
Vdc

4N(1−Dx)fswLdcx

+∞∑
k=1

sin(kNπ(1−Dx))

k2
. (6.20)

The resultant normalized high-frequency ripple drawn from the DC in-
put source is shown in Fig. 6.5 for different number of interleaved CG-QHB
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modules. As can be seen, for any given N , the high-frequency input current
ripple is zero at Dx = A/N , where A ∈ {0, 1, ..., N − 1}.

Fig. 6.5. Normalized high-frequency input current ripple for different number
of interleaved CG-QHB modules.

6.3.2 Design of Lgx and Lg

Following the same procedure, the maximum high-frequency peak-to-peak
ripple current of the interleaved AC inductors, Lgx , is approximated as:

∆iHF,gx ≈ Vdc

4(1−Dx)fswLgx

+∞∑
h=1

sin(hπ/2)

h2
. (6.21)

Herein, the normalized curves showing the actual high-frequency peak-
to-peak ripple amplitude of current passing through Lgx for different values
of N over a positive half-cycle of the grid voltage are shown in Fig. 6.6. Here,
the approximated value obtained by (6.21) is depicted with a dashed line,
indicating the maximum limit of the normalized ∆iHF,gx for any given N ,
which is useful for determining the minimum required value of Lgx . Herein,
a case study of Vdc = 120 V, Vm = 340 V, unity power factor, and Dx= 0.76
has been considered. It should be noted that in the case of N = 1, Lg1

and Lg are connected in series, and therefore the total inductance between
the CG-QHB module and the grid becomes Lg1 + Lg. Hence, the ripple is
significantly lower.
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Fig. 6.6. Normalized high-frequency AC inductors current ripple for different
number of interleaved CG-QHB modules at Vdc = 120 V, Vm = 340 V, unity
power factor, and Dx= 0.76.

Similarly, an expression for the high-frequency peak-to-peak ripple am-
plitude of the resultant grid current passing through Lg can be derived as
follows:

∆iHF,g =
Vdc

4N2(1−Dx)fsw(Lg + Lgx/N)

+∞∑
k=1

sin(kπ/2)

k2
. (6.22)

Regarding this, Fig. 6.7 shows the normalized value of ∆iHF,g for different
values of N over a positive half-cycle of the grid voltage.
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Fig. 6.7. Normalized high-frequency grid current ripple for different number
of interleaved CG-QHB modules at Vdc = 120 V, Vm = 340 V, unity power
factor, and Dx = 0.76.

Based on the above-mentioned relations, the procedure for determining
Lgx and Lg is suggested as follows:

1. Lgx is obtained using (6.21), for any given desired high-frequency in-
ductor current ripple and operating condition.

2. Given the value of Lgx , and the desired high-frequency grid current
ripple, the required value of Lg can be calculated using (6.22).

6.4 Sensitivity Analysis

In this section, the impact of mismatched component values in CG-QHB
modules has been investigated. The ripple analysis under an ideal condi-
tion and identical modules has been performed in Section 6.3. However, in
practice, achieving such perfect matching among the module components,
especially for the inductors might be challenging due to manufacturing toler-
ances and uncertainties. Therefore, following a similar approach used in Sec-
tion 6.3 and assuming a mismatched value for Lg1, the high-frequency ripples
of the AC inductors, Lgx, and grid current are calculated over a fundamental
half-cycle for three CG-QHB interleaved modules are shown in Fig. 6.8 and
Fig. 6.9, respectively. As can be seen in Fig. 6.8, a higher Lg1 value results
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in a smaller high-frequency ripple. In addition, Fig. 6.9 depicts the grid cur-
rent high-frequency ripple over a wide range of mismatched Lg1 values. In
this case, the ripple cancellation effect of the PS-PWM has degraded as Lg1

deviates from its nominal value. It also can be observed that lower values of
Lg1 have a more destructive effect on the grid-side ripple cancellation.

Furthermore, a similar sensitivity analysis has been conducted for the DC-
side under mismatched Ldc1 values. The results of this analysis are shown
in Fig. 6.10. As can be realized from Fig. 6.10, a mismatched Ldc1 leads to
an increased ripple on the total DC current. As indicated by the sensitivity
analysis, the mismatched inductor values among the modules decreases the
effective ripple cancellation at both DC and AC sides. More specifically, in-
complete cancellation of switching frequency harmonics results in non-zero
harmonic clusters below Nfsw frequency. Such emerging harmonics can in-
crease THD and larger filters might be required at both DC and AC ports.

Fig. 6.8. Normalized high-frequency AC inductors current ripple under mis-
matched Lg1 at Vdc = 120 V, Vm = 340 V, unity power factor, and Dx = 0.76.
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Fig. 6.9. Normalized high-frequency grid current ripple under mismatched
Lg1 at Vdc = 120 V, Vm = 340 V, unity power factor, and Dx = 0.76.

Fig. 6.10. Normalized high-frequency input current ripple under mismatched
Ldc1.
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6.5 Comparative Study

The interleaved circuit configuration of the proposed CGSB-based MLI is
compared with some well-known 3L-inverter structures connected through
an interleaved configuration in this section. The compared topologies are
illustrated in Fig. 6.11(a)-(f) that are based on an interleaved connection of
either a single-stage or two-stage circuit design to achieve a dynamic voltage
conversion gain. As can be seen, due to the unity voltage gain of the con-
ventional H-bridge inverter, the Siwakoti -H CGSC-based inverter [52], and
the T-type inverter, a front-end DC-DC boost converter is needed to achieve
a dynamic voltage conversion gain at their AC output. Additionally, the
3L-quasi Z-source topology [16], the split-source inverter [39], and the dual-
boost H-bridge topology [175] are all based on an integrated voltage boosting
feature with a dynamic gain. Hence, such topologies are known as single-
stage DC-AC converters in which they do not need an additional front-end
boost circuit. It should be noted that only modules with a 3L output voltage
waveform have been considered in this section for a fair comparison, since
the required filter inductor for a 2L module (such as a half-bridge) must be
much larger for the same ripple and switching frequency.
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Fig. 6.11. Two-stage and single-stage single-phase interleaved DC-AC con-
verters based on 3L modules: (a) conventional H-bridge topology; (b)
Siwakoti-H topology [52]; (c) T-type topology; (d) quasi Z-source topol-
ogy [16]; (e) split-source inverter topology [39]; (f) dual-boost H-bridge topol-
ogy [175].
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The comparison is summarized in Table 6.2, where the comparative items
are the number of required circuit components, i.e., switches (S), gate drivers
(G), diodes (D), capacitors (C), and inductors (L), the number of power
processing stages, the MVS and its uniformness across devices, bidirectional
power flow capability and CG-based feature, continuous input current and
spike-free current stress performance of the circuit, and the maximum voltage
conversion gain.

As can be seen among all the above-mentioned converters with an in-
terleaved design, which leads to the same number of output voltage levels,
the proposed interleaved CGSB-based MLI needs the least number of circuit
components. Continuous input current profile, spike-free current stress over
the devices, uniform MVS across the switches, and the CG-based feature are
other notable advantages of the proposed CGSB-based MLI. Herein, although
the interleaved configuration of the quasi z-source inverter [see Fig. 6.11(d)]
needs less number of power switches compared to the proposed one with
larger voltage conversion gain, its leakage current propagation is prone to
be high due to the lack of CG-feature. For the same reason, its interleaved
design needs more number of split inductors as the grid-interface filter. More-
over, the design requirements of the coupled inductor in its two-stage-based
configuration can effectively limit its power density. Regarding the dual-
boost H-bridge cell with a CG-based configuration illustrated in Fig. 6.11(f),
although it needs less number of active power switches compared to the pro-
posed one, its power diode utilization can restrict the bidirectional power
flow performance. The smaller size of the passive elements required for the
proposed topology, as explained earlier, is also a crucial advantage for de-
signing the whole proposed interleaved system more compact with acceptable
overall efficiency.

As an analytical comparative study in terms of stresses on devices and
overall efficiency, a standard PLECS simulation over all the illustrated topolo-
gies is performed, and the results are compiled in Fig. 6.12 and Fig. 6.13.
The simulations are based on the same condition of the dc input voltage,
Vdc = 120 V, the same switching frequency, fsw = 50 kHz, the same devices
with part number of UJ4C075018K4S, and the same peak voltage of the
grid, Vm = 340 V for three interleaved modules to realize a 7L interleaved
output voltage at 5.1 kW injected power, i.e., 1.7 kW per each module. As
the Siwakoti -H CGSC-based inverter [52], and the T-type inverter shown in
Fig. 6.11(b) and (c), respectively, require some devices with an MVS larger
than 700 V, a series connection of two same SiC FETs has been considered
for them to realize the large MVS required. Moreover, the diodes used in
Siwakoti -H CGSC-based inverter [52], quasi Z-source topology [16] and dual-
boost H-bridge [175] are selected from the same manufacturer with the part
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number of UJ3D0650KSD as it induces a very low reverse recovery charge
and forward voltage drop. Concerning the voltage conversion gain of different
converters highlighted in Table 6.2, the boost duty cycle of each topology,
which is either in the front-end dc-dc boost stage or in the integrated dc-ac
module, is adjusted to meet the grid peak amplitude requirement and thus
to inject the power to the grid. The value of passive elements, i.e., the in-
put boost/filter inductors and capacitors, for all the compared topologies, is
chosen based on the same guideline principles introduced earlier, while their
ESR used in PLECS has also been highlighted in Fig. 6.12 and Fig. 6.13.
Here, the same percentage of the input/injected grid currents for their low-
and high-frequency ripples contents is considered for all topologies to have a
fair comparison.

As can be seen from Fig. 6.12 and Fig. 6.13, the MVS across all the de-
vices and their current stresses for the proposed topology is comparable with
the two-stage boost+H-bridge converter and are always less than the most
other counterparts. The same observation can be stated for the overall effi-
ciency as the proposed interleaved CGSB-based MLI outperforms almost all
its counterparts from this perspective. Even though the two-stage boost+H-
bridge interleaved converter has such a comparable MVS/current stress and
overall efficiency, it lacks a CG feature causing leakage current propagation
issues. This can be more prominent as the proposed topology requires at
least one switch less than their two-stage-based counterparts per module, as
highlighted in Table 6.2, while introducing a CG feature within a single dc-
to-ac conversion process. One can also notice that to achieve the same low-
and high-frequency ripple contents for both the input and the injected grid
currents, the capacitor required per each module of the proposed topology is
smaller than all the other cases.
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Fig. 6.13. Voltage and current stress analysis of components at 1.7kW in-
jected power per module, when Vdc=120 V for the proposed CGSB-based
MLI.

6.6 Experimental Results

To verify the performance of the proposed interleaved CGSB-based MLI,
a 7L variant of the converter is considered and several experimental results
under the grid-connected condition are presented in this section. To do this, a
5.1 kW laboratory-built prototype has been designed and implemented based
on three CG-QHB modules. The closed-loop control and modulation strategy
are based on the described PR controller per each module with the PS-PWM
technique at 50 kHz switching frequency. All the CG-QHB modules are
controlled by a custom-made controller board for rapid prototyping using
a TI C2000 series DSP. Regarding the lab equipment, a four-quadrant AC
grid simulator (REGATRON TC30.528.43-AC) has been used to emulate
the required grid voltage and sink/source power from/to the converter. As
for the DC source, four programmable DC power supplies (EA-PSI 9360-15)
have been connected in parallel to provide the required DC power. Table 6.3
summarizes the system parameters, and Table 6.4 lists the key elements of
the experimental prototype, while the size of chosen passive elements is based
on design consideration presented in Section 6.3. In addition, an annotated
view of the experimental setup is shown in Fig. 6.14. The performance of
the built prototype is verified under various grid-connected steady-state and
dynamic test scenarios. As for the nominal AC grid parameters, a sinusoidal
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Table 6.3
System parameters used in simulation and experimental setup

Parameter Value
fsw 50 kHz

Cx, rCx 75 µF, 3 mΩ

Ldcx , rdcx 340 µH, 20 mΩ

Lgx , rgx 600 µH, 40 mΩ

Lg 600 µH, 10 mΩ

Vdc 120 V

vg 240 V RMS, 50 Hz

Table 6.4
Components used for the experimental prototype

Element Type and Description
Power Switches UJ4C075018K4S

Controller DSP-TMS320F28379D
Gate Drivers UCC21710

Isolated DC-DC Converters MGJ2D121505SC
Grid Simulator TC30.528.43-AC
DC Source EA-PSI 9360-15 (×4)

240 V RMS and 50 Hz have been considered as the grid voltage and its
fundamental frequency, respectively.

Fig. 6.14. A view of the experimental setup.

To show the single-stage operation of the proposed converter, the DC
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input voltage is set at 120 V. Hence, to meet the grid peak voltage, the
boost duty cycle Dx for all three integrated CG-QHB modules is set at 0.76.
The steady-state experimental result of the proposed converter showing the
DC input voltage Vdc, the 7L resultant inverter output voltage vinv, the grid
voltage vg, and the injected grid current ig at the rated 5.1 kW injected
power is shown in Fig. 6.15(a). The boosted voltage across the capacitor
of each module is shown in Fig. 6.15(b) at Pg = 4.6 kW. Furthermore, the
bidirectional power flow operation of the proposed converter has been shown
in Fig. 6.15(c) at Pg = −1.3 kW (transferring the power from the grid to
the DC source). As it can be confirmed, all the 7L output voltage through
the interleaved connection of the CG-QHB modules with a quality injected
current are generated, while the input current profile of the converter pos-
sesses a double-line frequency, and the boosted voltage across the capacitor
per module is around 500 V.

(a) (b)

(c)

Fig. 6.15. Experimental results at Vdc = 120 V (a) steady-state at Pg =
5.1 kW and Dx = 0.76; (b) steady-state DC input voltage and capacitor
voltages at Pg = 4.6 kW and Dx= 0.76; (c) steady-state input currents at
Pg = −1.3 kW and Dx = 0.75.

The 3L output voltage of each of CG-QHB modules and the resultant
7L output voltage of the inverter at the rated power of 5.1 kW; the injected
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AC output current of each module and the total injected grid current at the
same rated power; and the input current of each module with the resultant
input current of the converter at the rated power of 4.6 kW are also provided
in Fig. 6.16(a)-(c), respectively. Here, in order to share an equal injected
current per each CG-QHB module, the value of λx in the control system
is set at 1/3. The zoomed-in views of the same set of the results shown
in Fig. 6.16(d)-(f) can further emphasize the applied PS-PWM technique,
where the module output voltage and currents are shifted by 120◦ at the
switching frequency.
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(a) (b)

(c) (d)

(e) (f)

Fig. 6.16. Experimental steady-state results at Vdc = 120 V and Dx= 0.76 (a)
inverter and individual modules’ output voltages at Pg = 5.1 kW; (b) module
AC currents at Pg = 5.1 kW; (c) module DC input currents at Pg = 4.6 kW;
(d) zoomed-in view of inverter and modules’ output voltages at Pg = 5.1 kW;
(e) zoomed-in view of module AC currents at Pg = 5.1 kW; (f) zoomed-in
view of module DC input currents at Pg = 4.6 kW.

Considering the same value of the DC input voltage and the same boost
duty cycle per each CG-QHB module, the reactive power support results of
the proposed converter, i.e., lagging and leading power factors, have been
shown in Fig. 6.17(a)-(b). Additionally, the measured leakage current of
the resultant system, the 7L output voltage of the proposed converter, the
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grid voltage, and the resultant injected current at 4.6 kW are presented
in Fig. 6.17(c). As can be seen, due to the CG-based configuration of the
proposed system, the reported value of the leakage current is less than 20 mA,
which meets the requirements of the available standards for transformerless
grid-connected converters.

In the following, the experimental result shown in Fig. 6.17(d) confirms
the dynamic response of the proposed interleaved configuration in injecting
20 A peak overall current to the grid, while the current reference of each
CG-QHB module is suddenly changed as per (6.13)-(6.14). Here, 3.4 kW is
constantly injected into the grid, while one of the modules is injecting zero
current, i.e., i⋆g1 = 0. Hence, the other two modules must support the grid
with a larger injected current as per (6.13)-(6.14). The associated dynamic
results of the proposed converter from zero to 3.4 kW injected power have
also been taken by the experiment and shown in Fig. 6.17(e). The set of
waveforms in this result is the 7L inverter output voltage, the grid voltage,
the injected grid current and the input current drawn from the DC source.
To further emphasize on single-stage dynamic voltage conversion gain of the
proposed interleaved CGSB-based MLI, the DC input voltage is changed
within a ramp trend in the next dynamic test, i.e., from 60 V to 120 V. Here,
to inject a constant power of 1.2 kW to the grid, the fundamental component
of the converter output voltage is kept fixed at 400 V. As per (6.3), the
boost duty cycle Dx per each module is dynamically changed to meet the
peak amplitude of the grid voltage by the output voltage of the proposed
converter. The experimental results of this dynamic test showing the 7L
output voltage of the proposed converter without having any distortion, the
grid voltage, and the injected current are illustrated in Fig. 6.17(f).
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(a) (b)

(c) (d)

(e) (f)

Fig. 6.17. Experimental results at (a) Vdc = 120 V, Dx= 0.76, Pg = 0 kW,
and Qg = −4.1 kVAr; (b) Vdc = 120 V, Dx= 0.76, Pg = 0 kW, and
Qg = +4.1 kVAr; (c) Vdc = 120 V, Dx= 0.76, Pg = 4.6 kW, showing leakage
current; (d) Vdc = 120 V, Dx= 0.76, Pg = 3.4 kW, showing dynamic un-
equal current sharing for active thermal control; (e) Vdc = 120 V, Dx= 0.76,
showing a step change transition from Pg = 0 kW to Pg = 3.4 kW; (f)
Pg = 1.2 kW, showing dynamic voltage boosting capability of the proposed
CGSB-7L converter under a ramp transition of Vdc = 60 V to Vdc = 120 V.

Furthermore, the start-up operation of the proposed 7L-CGSB-based in-
terleaved converter before and after the connection to the grid at the zero
injected power is verified through the experiment as shown in Fig. 6.18(a).
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Similar to the previous case studies, the DC input voltage and the boost
duty cycle of all three involved CG-QHB modules are set at 120 V and 0.76,
respectively. To further attest the unequal power handling capability of each
CG-QHB module in the proposed interleaved system and to evaluate the
bidirectional power flow capability of CG-QHB modules while injecting a
15 A peak grid current, i.e., i⋆g = 15A, the experimental results shown in
Fig. 6.18(b)-(c) can be considered. Here, the peak current reference of two
out of three CG-QHB modules is set at 10 A, while for the third one, it is
set at −5 A. Hence, considering (6.13) and (6.14), the power for the first two
modules is flowing from the DC source to the grid, while for the third mod-
ule, a reverse power flow can be observed. As can be seen from Fig. 6.18(b),
due to the 50 kHz frequency of each module, their output current possesses
a high-frequency ripple while tracking their current references. However, be-
cause of the interleaved configuration and the described PS-PWM strategy,
the total injected grid current maintains a clean sinusoidal waveform with a
peak of 15 A and a 150 kHz apparent switching frequency. The same observa-
tion can also be realized from the input current of each CG-QHB module and
the resultant input current of the DC source shown in Fig. 6.18(c), while a
double-line frequency of the grid is dominant. These results confirm that the
proposed CGSB-based converter does not induce any large pulsating inrush
spikes even though offering an integrated voltage-boosting feature.
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(a) (b)

(c)

Fig. 6.18. Experimental results at Vdc = 120 V, Dx= 0.76 (a) before and after
the grid connection; (b) AC output currents at unequal power references and
power flow directions; (c) DC input currents at unequal power references and
power flow directions.

Additionally, to show the impact of the PS-PWM strategy on the pro-
posed inverter output voltage harmonics, the FFT results shown in Fig. 6.19
can be considered. As can be realized, the first high-frequency harmonic clus-
ter of the proposed 7L-CGSB-based interleaved converter output voltage is
located at around 150 kHz (three times the switching frequency of each CG-
QHB module), leading to around 0.1% THD for the first 50 low-frequency
harmonics.
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Fig. 6.19. Inverter output voltage harmonics of the proposed interleaved
CGSB-based MLI with three CG-QHB modules at Vdc = 120 V, Dx = 0.76,
and Pg = 5.1 kW.

Finally, a loss breakdown analysis has been developed and shown in
Fig. 6.20 using PLECS and the provided thermal model of the semiconduc-
tor devices. The used parameters for this analysis are indicated in Table 6.4.
The results are taken at 50 kHz switching frequency and under the same
condition of the grid voltage at the rated power of 5.1 kW, while the DC
input voltage and the boost duty cycle of the proposed 7L-CGSB-based in-
terleaved converter are set at 120 V and 0.76, respectively. Regarding the
obtained results, the overall efficiency of the entire system, including the
effects of the grid-interface filters through both PLECS and measurement
results, are shown in Fig. 6.21. As can be seen, the efficiency of the proposed
grid-connected CG-based converter over a wide range of the injected grid
power is more than 95%, which is an acceptable range for a boost-based MLI
feeding through a low magnitude of the available DC input voltage.
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Fig. 6.20. Loss breakdown of the proposed interleaved CGSB-based MLI
using PLECS with three CG-QHB modules at Vdc = 120 V, Pg = 5.1 kW,
and Dx = 0.76.

Fig. 6.21. Simulated and experimental efficiency curves of the proposed in-
terleaved CGSB-based MLI with three CG-QHB modules at Vdc = 120 V
and Dx = 0.76.

6.7 Conclusion

The interleaved configuration of a new CGSB-based MLI featuring a single-
source single-stage SB-based concept has been developed in this work. De-
tails of the working principles, modulation strategy and closed-loop control
under the grid-connected condition have been presented. The proposed topol-
ogy has a high power handling capability compared to the existing CGSB-
based MLIs due to its interleaved-based modular design, as it is comprised
of several identical CG-QHB modules. All the switches have equal MVS,
while the converter can be modulated using a PS-PWM technique leading
to further reducing the size of the grid-interface filter. The input current of
the proposed converter is continuous with a dominant double-line frequency
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component in a single-phase grid-connected application, while it has a gen-
eralization capability to realize any number of output voltage levels. Design
guidelines for the passive elements and extensive experimental results over a
7L variant of the proposed topology have also been presented. The results
show around 96% efficiency over a wide range of the injected grid power even
when a low magnitude of the DC input voltage for a 240 V RMS grid voltage
is available.
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Chapter 7

Conclusions and Future Work

In this thesis, the available solutions for power conversion systems in smart
grids and microgrids have been reviewed. In terms of converter topologies,
various DC-AC converters have been considered, categorized, and compared
based on their overall configuration and working principles. Then, numer-
ous conventional linear and more advanced non-linear control methods and
controller types have been studied. Moreover, the common modulation tech-
niques used in switching power converters have been included and briefly
explained.

Furthermore, some of the identified design and control challenges in power
converters, and more specifically grid-connected inverters, are provided. The
summary of these challenges are as follows:

� Output filter size, leakage current, and power quality: The filtering re-
quirements and THD of the injected current of grid-connected inverters
can be reduced by reducing the volt-second applied to the filter induc-
tors. This can be achieved by increasing the apparent output frequency
and/or by using multilevel inverters (e.g., 5L or higher). Moreover, us-
ing inverter structures with constant or zero CMV (e.g., NPC-based or
CG-based inverters) allows for employing smaller common-mode filters
or even eliminating it. These steps are aligned with the available grid
codes and power quality standards (e.g., IEEE 519-2014 [113]).

� Non-ideal grids and voltage harmonics: The grid voltage in real-life con-
ditions might be distorted with low-frequency harmonics due to high-
impedance power transmission lines, unbalanced loads, unbalanced faults,
and non-linear loads such as diode-bridge rectifiers with capacitive DC
filters. A grid-connected inverter should be able to still inject a sinu-
soidal current into the distorted grid to comply with the grid codes and
help the grid stability. Hence, some challenges in grid synchronization

182



and current reference generation can be observed. The non-ideal grid
conditions such as high grid impedance (weak grid), voltage harmonics,
and unbalanced voltages in three-phase systems can negatively impact
the performance of synchronization methods and power quality of the
system.

� Scalability: A modular structure helps to reach the required power
levels without redesigning the whole system, while respecting the volt-
age/current limitations of the power components. It also allows for
an optimized and economic solution to be used in a wide range of
systems. Cascading and paralleling techniques can be used at differ-
ent scales (i.e., device-level, module-level, or converter-level) to scale
the power levels. Interleaving and active current/voltage sharing tech-
niques should be utilized to achieve advanced features, such as ATC,
reliability and lifetime improvements, etc.

� Power decoupling: Reducing the low-frequency ripples on the DC-side
of the single-phase converters is essential for PV, battery, and fuel-cell
applications. Passive (PPD) and active (APD) methods can be used
to achieve a flat DC input current in a single-phase inverter, while in-
jecting the power to an AC grid and meeting power quality constraints.
Most of the APD implementations need additional circuit components
to be added to the inverter. However, some single-stage single-phase
inverters have a potential to integral APD into their structure without
any additional components. However, most of them are only 2L or 3L
inverters. Moreover, achieving a high-quality APD under non-ideal grid
conditions (e.g., distorted grid voltage with low-frequency harmonics)
makes APD implementation more challenging in practice.

� Single-stage dynamic voltage boosting and bidirectional power flow:
Conventional two-stage DC-AC architecture can be found in many res-
idential and industrial applications. Nonetheless, the efficiency and
power density of the whole system might be limited due to the asso-
ciated losses with each power processing stage. Therefore, single-stage
inverters with built-in dynamic voltage-boosting capability can be po-
tential solutions to overcome the mentioned limitations. In addition,
bidirectional power flow is essential in battery and EV applications as
two of the most impactful technologies in smart grids.

Considering the above-mentioned literature review and the identified op-
portunities and challenges in control, modulation, and topologies of grid-
connected multilevel converters, the following motivations have been pursued
in the proposed ideas in this thesis:
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� To develop topologies, modulation methods, and control strategies for
single-stage grid-connected inverters with the dynamic voltage-boosting
capability

� To improve the overall efficiency and power density of single-stage boost
inverters fed by low-voltage and wide-varying DC sources such as PV
panels or batteries

� To propose and control modular DC-AC converters with bidirectional
power flow handling capability

� To meet power quality requirements even under non-ideal grid condi-
tions

� To propose APD control strategies for single-stage multilevel inverters

Considering the above-mentioned motivations, several topology and con-
trol ideas have been proposed in this work: In Chapter 3, a novel single-stage
5L boost inverter with a large dynamic voltage gain is proposed for PV and
battery applications. The other notable features of this inverter are the re-
duced number of active and passive components, continuous input current
profile, uniform MVS across all circuit components, reduced CMV, and bidi-
rectional power flow capability. In Chapter 4, an APD control strategy for
the proposed single-phase 5L boost inverter is introduced. The major con-
tributions of the proposed controller are achieving a flat and ripple-free DC
input current even under a distorted grid voltage condition, using a single
PR controller as the grid current controller, and robust and stable operation
under a wide range of uncertainties and disturbances in the system parame-
ters and measurements. Next, in Chapter 5, a flexible APD control strategy
has been proposed based on the CCS-MPC method. The main benefit of
the proposed controller is obtaining an adjustable tradeoff between the ca-
pacitor voltage ripple and DC input current ripple. Furthermore, in Chapter
6, a modular interleaved single-stage boost inverter is proposed. The major
features of this inverter are uniform voltage stress across all circuit compo-
nents, bidirectional power flow and full reactive power support, and increased
apparent output frequency by using a hybrid PS-PWM technique.

7.1 Recommendations & Future Works

Based on the contributions of this work, the following directions for the future
works are recommended:
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� Exploring the possibility of soft-switching transitions through differ-
ent modulation techniques (e.g., triangular) to improve the overall ef-
ficiency and power density of the system

� Applying high-frequency isolation techniques to broaden the applica-
tions of the proposed converters

� Including higher-order filters (e.g., LCL) with active damping strategies
for improving power quality and power density

� Investigating the fault-tolerance capabilities of the proposed converters
with custom modulation and control methods, designed for smooth
transition to the faulty mode

� Evaluating the proposed solutions from the reliability viewpoint and
comparative assessment based on expected lifetime under different mis-
sion profiles

� Implementing the proposed APD methods to other modular inverter
systems

� Considering the DC source limitations and characteristics (e.g., maxi-
mum current, degradation, etc.) in the proposed flexible APD method
to improve the transient power handling capability of grid-connected
boost inverters and extending the system’s lifetime and operating range.

� Exploring APD methods in unbalanced three-phase systems
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