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Abstract

Nowadays, among renewable energy sources, PV systems are highly popular due
to their easy installation and affordability. A key component of the PV system is the
inverter, which can significantly affect the reliability, efficiency, and power quality
of the system. The PV inverters are required to track the maximum power point
(MPP) of the panel to maximize the production of the system. To achieve this
goal, the inverter must be able to generate the required output waveforms for a
wide range of input voltages. Normally, two-stage inverters are used to achieve this
goal and produce high-quality output power; however, both stages process the full
output power and have a high number of reactive components with high switching
stress which can result in lower power density and higher losses of the converter. In
this thesis, new topologies are proposed to reduce the required number of passive
components for the inverter while allowing it to operate for a wide range of input

voltages and maintain the power quality of the output.

The first proposed design features an extended input voltage range using a cas-
caded full-bridge inverter with a cascaded floating capacitor, leveraging low-frequency
operation to generate fundamental output voltage components. It is coupled with
low-voltage high-frequency operation to mitigate harmonics. A comprehensive con-
trol mechanism is used to regulate the modulation angle of the low-frequency full
bridge. Additionally, a synchronous (or DQ) reference frame controller is used to
regulate current and enable MPP tracking. To further reduce the blocking voltage of
the capacitor-connected full bridge, the second structure replaces the PV-connected

full bridge with a T-type inverter, halving the blocking voltage.

The flyback-assisted inverter is also proposed to further extend the inverter’s

operating input voltage range. This topology integrates cascaded full-bridge inverters
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with a flyback converter. This configuration allows the high-frequency full bridge to
process a portion of the power based on input voltage. Precise control mechanisms
for determining modulation angles and maximum power point tracking (MPP) in
PV systems are implemented. Furthermore, the controller deactivates the flyback
converter when the photovoltaic (PV) voltage reaches an optimal level for generating
the desired output voltage. This reduces switching losses and can further improve

converter efficiency.

Furthermore, a cascaded full-bridge converter with a single switching frequency is
proposed to accommodate the broad voltage range of the flyback-assisted converter,
while minimizing component count, and improving power density. A new control
structure for the fast and robust operation of the inverter is proposed. These control
mechanisms can independently regulate the power of each full bridge, allowing the

converter to operate within a wide range of input voltages.
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Chapter 1

Introduction

Nowadays, the adoption of renewable energies in distributed generation, transporta-
tion, and multi-energy systems has become a vital factor in shaping a sustainable
future free from fossil fuels. DC-AC inverters, with their significant power trans-
formation capabilities for AC loads or grids, play a critical role in harnessing the
potential of solar energy, wind power, and hydrogen, enabling the efficient utilization

of these Eco-friendly sources [1].

Among renewable energies, PV systems are highly popular due to their easy
installation and affordability. Over the years, grid-connected PV inverter systems
have experienced widespread and successful commercialization, facilitating the rapid
growth of solar energy generation [3]. Recently, there has been a significant demand
for both commercial and residential use, leading to rapid development in single-phase

grid-connected voltage source inverters’ technology in the last decade [4].

The majority of single-phase PV inverters available in the market utilize a two-

stage architecture [5], [6]-[13]. This architecture consists of a DC-DC maximum power
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point tracking (MPPT) converter and a voltage source inverter. The rationale behind
this approach lies in the fact that the optimal voltage of a PV panel to generate the
maximum power sometimes falls below the peak value of the grid voltage [5]. To
overcome this limitation, a boost converter is employed to step up the voltage in a

DC link, enabling the buck-type voltage source inverter to deliver power to the grid.

In addition, some single-phase inverters have only a one-stage inverter system
with a low-frequency transformer, allowing for the attainment of an output peak AC
voltage greater than the input DC voltage. This is achieved by combining a full-bridge
inverter with a low-frequency step-up transformer [16]. However, the inclusion of a
bulky transformer introduces additional challenges, such as increased system volume,

higher losses, and elevated overall system cost [17].

Finally, there are single-phase single-stage topologies. These inverters require
a buck-boost-type DC-AC behavior that can be operated in a wide input range of
voltage. This thesis aims to propose novel wide input range inverter topologies that
can provide the desired output voltage without the need for a bulky transformer or
multiple passive components [5] and [18]. Moreover, the proposed topology aims to
address the challenges associated with previously proposed single-stage power con-

verters.

1.1 Review of Existing Wide Input Voltage Range
Inverters
Converters with wide input ranges can be mainly divided into three categories.

Firstly, two-stage converters: this type of converter consists of two stages that col-

laborate to generate the required output voltage [7]. Second is two-mode converters:
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these converters can operate as either two-stage or single-stage converters based on
the input voltage [19]. Typically, they function as two-stage converters when the
input voltage is low. However, when the input voltage exceeds the peak of the grid
voltage, they operate as single-stage power converters. Finally, there are single-stage
power converters, where the circuit only includes one component responsible for gen-

erating the desired voltage [20].

1.1.1 Two-Stage Wide Input Range Inverters

This type of converter generates output voltage with the assistance of passive compo-
nents, such as capacitors or inductors, positioned within the configuration as storage
elements. These components enable the transfer of generated power from a PV source
to the grid. One stage is responsible for transferring power from the PV source to
these reactive components, while the second part of the circuit processes this power

to generate the required AC output voltage [6]-[13].

Two-stage topology was proposed in [3], where a front-end boost stage is combined
with a half-bridge inverter stage, and a buck-boost power decoupling stage, Fig. 1.1.
The boost converter in the first stage is responsible for regulating the capacitor voltage
at a higher level, enabling a wide range of input voltages and coping with partial
shading conditions. The second inverter stage is responsible for decoupling the double
grid freq oscillations and generating the output AC voltage; this part of the converter

will operate in buck mode.

Using the boost DC/DC converter and buck inverter enables this circuit to op-
erate across a wide range of PV source voltages and track the MPP of the system.
Furthermore, the implementation of the power decoupling stage has led to a reduction

in the size of the circuit’s capacitor and allows for the exclusive use of film capacitors
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Figure 1.1: Half-Bridge Voltage Swing Inverter [3].

in the system’s structure. However, it’s important to note that all switches in the
system operate at high frequencies and high voltages, and the circuit requires a higher
number of components, which results in the complexity of the system, increasing the

costs, and a lower power density for the overall circuit [4].

The Z-source and quasi-Z-source inverters, as described in references [21] and
[22], utilize an impedance network consisting of inductors and capacitors to enable
the converters to operate over a wide range of input voltages (Fig. 1.2). The operation
of these converters can be categorized into two modes: the active mode, and the shoot-
through mode. These converters capitalize on the shoot-through state, a condition
where both switches in the inverter are momentarily closed, to facilitate efficient

power conversion.

However, there are certain drawbacks associated with these inverters. As they
are designed to provide a boosting capability, the voltage and current stress on the
components are higher than in a conventional converter system. This can pose chal-

lenges when it comes to component selection and overall system reliability [23].

Another drawback of the Z-source and quasi-Z-source inverters is the larger num-

ber of components involved in the conduction loop. The impedance network in these
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Figure 1.2: (a) Z-source Inverter [21], (b) Quasi-Z-source Inverter [22].

inverters requires additional components, such as inductors and capacitors. While
this design choice aims to enhance performance, it simultaneously contributes to in-
creased complexity in the system. Additionally, it adds to the cost and size of the
overall setup, [24]-[23].
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1.1.2 Two-Mode Wide Input Range Inverters

This group of inverters has two modes of operation, which means it can function
as a two-stage inverter for low input voltages and as a single-stage inverter for high
voltages. Typically, when the input voltage is low, the converter activates the second
stage of the circuit, which is a DC/DC converter used to boost the input voltage,
[19]-[25].

As an example of two-mode converters, Fig. 1.3 illustrates the Grid-connected
Inverter with an integrated partial DC-DC converter. This inverter combines the
Hybrid Energy Routing Inverter Configuration (HERIC) with two additional semi-
conductor switches, namely S7 and Sg. The integration of these extra switches allows
the circuit to operate in two distinct modes: a three-level mode, single-stage, and a

five-level mode, two-stage, [19].

In the three-level mode, when the output voltage from the photovoltaic (PV)
array exceeds the peak grid voltage, switch S; is turned ON while switch Sg remains
OFF. This configuration enables the circuit to function as a HERIC inverter, utilizing
switches S7 to Sg. During this mode, the DC-DC converter, consisting of switches
Sy, inductor Lg., and diode D, remains deactivated. Thus, this setup results in a

three-level mode of operation, similar to that of a traditional HERIC inverter [19].

However, if the output voltage from the PV array drops below the peak grid volt-
age, the DC-DC converter is activated. This activation allows power to be transferred
from the PV array to the second DC-link capacitor, Cy,, in a way that the combined
DC-link voltage (Ve, + Vae,) exceeds the peak grid voltage. This mode of operation
enables the inverter to produce a five-level voltage output. The voltage across Cye,,

denoted as Vj,, is utilized by the inverter only when the instantaneous grid voltage
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Figure 1.3: Grid-connected inverter with an integrated partial DC-DC con-

o]

verter [19].

is higher than the PV array voltage (Vg ), as depicted in Fig. 1.4 [19]. Using this
configuration enables the converter to operate with PV voltages ranging from 200v

to 420wv.

During periods when the instantaneous grid voltage is lower than the PV voltage
(Viae, ), power is directly sourced from the PV array without involving the DC-DC
converter. Consequently, the DC-DC converter only processes a fraction of the total
PV power. The majority of the power flows directly from the PV array to the inverter,
resulting in higher efficiency even at low PV voltage levels, compared to the use of a

cascade configuration involving a DC-DC boost converter and conventional inverters.

However, it should be noted that the inverter utilizes a modulation technique, as
shown in Fig. 1.4, which synthesizes the voltage levels. This modulation technique
leads to an increase in the rate of change of voltage (dv/dt) across the switches and
imposes additional filter requirements. Moreover, operating all the switches at high

frequency can result in high switching losses and reduce overall efficiency [26].
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Figure 1.4: Working principle of the grid-connected inverter with an inte-

grated partial DC-DC converter [19].

1.1.3 Single-Stage Wide Input Range Inverters

This type of inverter only employs a single stage to process all the power generated
by the PV source and produce the necessary output voltage. These converters do
not incorporate any DC/DC converters, and the inverter topology itself is designed

to operate across a wide range of input voltages, [27]-[33].

One example of a single-stage inverter is proposed in [34], which is a differential
inverter as shown in Fig. 1.5 that can operate across a wide range of input voltages
and track the MPP of the PV systems. This converter utilizes a unique approach by
deferentially connecting the load across two half-bridge dual-buck structure converters

and modulating the output voltages of these converters.

To ensure the generation of the required output voltage, each converter produces
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Figure 1.5: Dual-Buck-Structured Single-Stage Buck-Boost Inverters [34].

a DC-biased sine wave output, as depicted in Fig. 1.6. Despite the presence of a DC
bias at both ends of the load in relation to the ground, the differential DC voltage
across the load effectively remains zero. This modulation technique contributes to
maintaining a balanced and stable load operation while achieving the desired output

voltage.

2 N

V
V, o, sin(eon) 7,
mn ; t
v /_-\
¢ V. +V sin(wt)
¢Vin in 4 - t

v,
M\ > f
Figure 1.6: Voltage across the capacitors of the differential inverter proposed

in [34].
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This topology exhibits minimal distortion in output AC waveform due to either
no or minimal dead-time requirements in the switching signals. Furthermore, cur-
rent stress is reduced by half in comparison to other existing differential converters,
enhancing the converter’s overall reliability [34]. However, this inverter once again
necessitates a significant number of passive components, and all switches operate at
high frequency and voltage. As a result, the converter becomes bulky and expensive.
Additionally, this topology features a larger magnetic volume compared to other al-
ternatives [35] & [36]-[39]. Moreover, the high number of passive components and

switches limit the converter’s voltage range of operation to 70v to 200v.

Another example of a single-stage converter is the tapped-inductor unfolding
buck-boost inverter proposed in [40]. The circuit configuration of this wide input
range inverter is shown in Fig. 1.7. This converter can operate in either buck or
boost mode to generate the desired output voltage based on the maximum power
point (MPP) voltage of the PV system. In buck mode, Sy is always on, S is always
off, and S; and Sy switch at high frequency. In boost mode, S; is always on, S5 is
always off, and S3 and S, switch at high frequency. In both scenarios, switches S5 to

Sg contribute to the unfolding process.

N

1 2

ST
3 e

_oﬂﬁ}

4

T4T

Figure 1.7: Single-Stage Buck-Boost Inverters [40].
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The primary advantage of this topology is the reduced size of passive elements,
achieved through the implementation of the unfolding stage and the elimination of
the dc-link stage. This allows the converter to operate for PV voltage range from
250V to 450V. However, the high number of required switches could outweigh the

benefits gained from the reduction in passive component sizes [41], [6].

1.2 Objective

The primary objective of this thesis is to propose an inverter for a PV system that
can track the system’s maximum power point when the PV voltage changes in a wide
range due to temperature or shading effects. Various configurations are being inves-
tigated, and control schemes that address the specific requirements of each topology

are provided. In summary, the main objectives of this thesis are:

1. To propose a new inverter with a wide input voltage range that can function
across various input voltages and interface with the grid. Two novel hybrid
cascaded topologies with wide input voltage ranges are proposed to leverage the
simplicity of the cascaded structure, allowing for multi-level output voltage and
reduced harmonics, while also enabling operation across different PV voltages.
The system’s controller is implemented in the DQ frame to capitalize on the
benefits of well-established three-phase D(Q controllers designed for single-phase

inverters.

2. To enhance the input voltage range of the inverter, a new two-mode structure is
proposed. To expand the range of hybrid cascaded topologies further, a fly-back
configuration at a fraction of the output power is incorporated. This allows the

processing of a portion of the power when the voltage of the PV drops and
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Chapter 1. Introduction

prevents the generation of the output voltage. Additionally, a DQ controller
is implemented for this topology, making use of the well-developed three-phase

DQ control techniques.

3. To enhance the inverter’s performance, a new control method is implemented
to achieve a wide range of input voltage with a reduced number of components.
A novel control approach is introduced for the cascaded full-bridge converter,
enabling independent control of the active power for each full bridge. With this
control scheme, the system can operate within an input voltage range as broad
as that of a fly-back-assisted inverter, while also reducing the overall component

count.

4. To reduce the number of passive components that will be used in a wide input
voltage range converter. This thesis proposes four topologies that utilize active
filtering and do not require stored energy to generate the desired output voltage.
As a result, these topologies lead to a lower number of passive component

requirements.

5. To further improve the efficiency by utilizing a converter with low frequency
and high voltage switches to generate the fundamental harmonic, and another
inverter with high switching freq and low voltage stress to generate the high
freq components. This approach can reduce overall system losses and increase

efficiency.

1.3 Thesis Outline

Chapter 2 of this thesis will propose two new structures for wide input voltage range

inverters. The first one is the full bridge inverter with an auxiliary floating capacitor,
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which utilizes two cascaded full bridges. The first full bridge is connected to the PV
source and will operate at a low frequency, tasked with generating the fundamental
component of the output voltage. On the other hand, the second full bridge will
operate at a high frequency and is responsible for mitigating the harmonics produced
by the first full bridge. To enhance the efficiency of the second full bridge, the
blocking voltage of the switches is limited to around sixty percent of the PV voltage.
By employing these low-voltage switches, the efficiency of the lower full bridge can
be maintained at a high level. Furthermore, the DQ current controller for this single-
phase inverter is employed to regulate the power from the PV source. The second
converter proposed in this chapter is the T-type inverter with an auxiliary floating
capacitor. In this converter, the T-type topology replaces the full bridge inverter to
interface with the PV source. Once again, the T-type inverter will operate at a low
switching frequency, tasked with generating the fundamental component of the output
voltage. The full bridge connected to the capacitor in this configuration is responsible
for canceling out the harmonics. This full bridge also operates at a high frequency,
but the blocking voltage of the switches is reduced to around thirty percent, which is
half of that used in the first converter. This voltage reduction further improves the
efficiency and allows for the use of smaller switches, resulting in an increase in the

power density of the converter.

In Chapter 3, a fly-back-assisted wide input range inverter is proposed. This
inverter utilizes two cascaded full-bridge inverters and a fly-back converter in its
structure. The first full bridge inverter is connected to the PV source, while the
second full bridge is connected to a capacitor. The PV source and the capacitor are
interconnected through the fly-back converter. This structure enables an extended
operating voltage range for the converter, allowing it to operate effectively at lower
voltages. This enhancement is primarily attributed to the presence of the fly-back

converter, which can handle up to 25% of the output power based on the source volt-
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age. Moreover, the fly-back converter will deactivate when the PV voltage reaches
a level sufficient for generating the desired output voltage. This feature effectively
reduces unnecessary switching losses associated with the fly-back converter. Addi-
tionally, a controller is proposed for calculating the modulation angle of the primary
full-bridge connected to the PV system. Furthermore, a DQ current controller is
implemented to ensure that the converter can accurately track the MPP of the PV

system.

To preserve the voltage range of the fly-back-assisted converter while minimizing
the component count, Chapter 4 introduces a cascaded full-bridge converter with a
single switching frequency. This configuration incorporates two cascaded full bridges
operating at a high frequency and utilizes a novel control approach to enable inde-
pendent power control of each full bridge. This controller structure ensures that the
voltage range remains as wide as that of the fly-back-assisted converter. Importantly,
the fly back component is eliminated from the topology, resulting in an enhanced

power density of the configuration.

Finally, the thesis is concluded in Chapter 5, and suggestions for the future work

of this research are presented.

14



Chapter 2

Hybrid Cascaded Extended Input

Voltage Range Inverters

In this chapter, two new grid-connected inverters designed to operate within a wide
range of input DC link voltages are introduced. These inverters offer a significant
advantage by allowing operation over a broad range of PV voltages, eliminating the
need for a separate DC/DC converter to accommodate low output voltages from PV
systems. By eliminating the DC/DC converter, a single-stage converter is achieved,

resulting in higher power density and efficiency.

Furthermore, the converters presented in this chapter can achieve higher efficiency
compared to existing single-stage inverters. This is mainly due to the reduction in the
switching frequency of the main converter, which is switched at the grid frequency,
resulting in lower switching losses. Additionally, the required blocking voltage of the
switches in the second part of the converter is reduced, further reducing switching

losses despite the high switching frequency.
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Figure 2.1: Block diagram of the proposed extended input voltage range

inverters

Fig. 2.1 provides a visual representation of the block diagram of the inverters
proposed in this chapter. As shown, these inverters consist of two essential parts:
a low-frequency high-voltage section that connects to the PV system and allows the
DC bus voltage to vary, enabling maximum power point (MPP) tracking. The second
block is a high-frequency low-voltage section connected to the capacitor, responsible
for generating harmonics that cancel out the harmonics produced by the first block.
The combination of these two parts enables the inverters to handle varying voltage

levels while maintaining optimal performance and efficiency.

By eliminating the need for a separate DC/DC converter, the proposed inverters
simplify the overall design, reduce the number of components, enhance system relia-
bility, and lower costs. Furthermore, the reduced switching frequency and blocking
voltage of the switches increase the efficiency of the inverter, allowing the system to

track the MPP while maintaining high efficiency and eliminating harmonics.

This chapter will discuss the details of each converter’s topology and propose

appropriate control approaches for each inverter. Additionally, it will discuss the
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advantages of each topology in comparison to existing ones in more detail.

2.1 Full Bridge Cascaded Inverter Basic principle

of operation

The first converter that will be discussed in this chapter is the full bridge converter
cascaded with a high-frequency bridge with a floating input capacitor. The circuit
configuration of the proposed extended input voltage range inverter is illustrated
in Fig. 2.2. The upper full bridge in this circuit consists of four high-voltage, low-
frequency switches that operate at the fundamental frequency. This part of the
inverter plays a crucial role in providing the active power generated by the PV system
and transferring it to the grid system. To maximize the extracted power from the PV
system, this part of the inverter can operate over a wide range of DC link voltages
to track the Maximum Power Point (MPP) of the PV system. Additionally, due to
the low frequency of these switches, they exhibit minimal losses, contributing to the
overall higher efficiency of the inverter while allowing the voltage of the DC bus to

swing.

Although using the low-frequency full bridge can considerably improve efficiency,
it also produces a significant amount of harmonics at its output that needs to be
eliminated. Traditionally, this was achieved by employing an output filter. However,
in this inverter, as shown in Fig. 2.2, a second full bridge is connected to the capacitor,
which has the task of generating harmonics to cancel out the harmonics generated

by the first full bridge.

Since the second full bridge is solely responsible for generating the harmonic

voltage, it only generates reactive power and does not need to generate active power.
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Figure 2.2: Proposed extended input voltage range inverter and important

waveform of the converter

Therefore, there is no need to connect the second full bridge to the power source, and
the system can operate solely using the capacitor. Unlike the full bridge connected
to the PV system, the second full-bridge operates at a high frequency. However,
the switches in the second full bridge exhibit relatively low losses despite their higher
switching frequency. This is primarily attributed to their connection to a lower voltage
level, which is approximately half of the PV system voltage. By operating at this
reduced voltage level, the switching losses can be minimized, and the overall efficiency

of the inverter is improved.

To achieve optimal performance, the voltage of the capacitor connected to the
lower full bridge should be regulated at the reference voltage, which is determined
based on the voltage of the PV system. Therefore, the controller of the inverter must

calculate the appropriate reference voltage for the capacitor based on the PV system
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voltage and ensure that the capacitor voltage is set to the reference value.

Since the first full bridge requires high-voltage, low-switching-frequency switches,
four IGBT switches can be used for this converter. On the other hand, since the
lower full bridge requires low-voltage, high-frequency switches, four MOSFETSs can
be used for this full bridge. The utilization of both IGBT and MOSFET switches in
the proposed inverter circuit configuration allows for efficient power conversion and
transmission. The low-frequency IGBT switches reduce losses during fundamental fre-
quency switching, while the higher-frequency MOSFET switches accommodate rapid
switching demands without significantly impacting efficiency. Most importantly, this
hybrid configuration capitalizes on the strengths of each switch type, enabling the
inverter to operate optimally across a wide input voltage range. Appendix A will
provide an in-depth explanation for using the IGBT instead of the MOSFET in the

main full bridge.

2.2 Operation and Control of the Proposed Con-

verter

In order for the system to operate effectively, it requires a controller that can generate
the appropriate references for each full bridge converter. The controller block diagram

of the system is depicted in Fig. 2.3.

This controller comprises Four main components: the o generator, the reference
generator for the second full bridge to eliminate the harmonics, the capacitor voltage
regulator, and the current controller. The first part is responsible for controlling the
modulation angle of the upper full bridge, which enables control over the fundamental

voltage. Its primary function is to ensure the desired voltage level generated at the
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output of the inverter as described in the phase diagram of Fig. 2.1.

The second part of the controller is tasked with generating the voltage reference
for the second full bridge in a manner that eliminates the harmonics generated by the
first full bridge. By carefully calculating the appropriate reference voltage, it aims
to cancel out any unwanted harmonic components generated by the first full bridge.

The details of these controllers will be discussed in the following sections.

Since the second full bridge is not directly connected to the power source, it is
necessary to regulate the voltage across the capacitor to a desired value. To achieve
this objective, the third part of the controller plays a crucial role in generating slight
deviations in the reference for the second full bridge. These deviations help maintain
the capacitor voltage at the desired level, ensuring stability and proper operation of
the system. The details of each part of the controller will be further discussed in the

following sections.

Finally, the last section of the controller has the responsibility of controlling the
current of the converter while ensuring that the voltage of the PV will be set at the
reference value determined by the MPPT block. The output of this controller will
be V;, which will be the value used to determine «. The details of each part of the

controller will be discussed in more detail in the following sections.

2.2.1 Reference Generation for the Full Bridge with Floating

Capacitor

Before explaining how to calculate the modulation angle («) of the main full bridge,
it is important to understand the operation and reference generation for the second

full bridge. As mentioned previously, the second full-bridge generates harmonics to
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cancel out the harmonics produced by the main full bridge. Therefore, the reference
voltage for the second full bridge is the difference between the total voltage (V;) and

the voltage of the main inverter:

hi7w2 = ‘/t - V;nvl (21)

Since the voltage of the first full-bridge is a three-level waveform and the total voltage
is sinusoidal, the reference voltage of the second full bridge takes a shape similar to

the one shown in Fig. 2.4.

To improve efficiency, the operating voltage of the lower full bridge, which oper-
ates at high frequency, should be reduced. The blocking voltage of the lower switches
depends on the voltage of the capacitor, which should be higher than the maximum
of the reference voltage shown in Fig. 2.4. This is done to avoid over-modulation and
the generation of unwanted harmonics. Therefore, based on this information, the «
value should be calculated in a way that results in the minimum voltage across the

capacitor. This will be discussed in more detail in the following section.

2.2.2 Calculation of Switching Angle

The first full bridge is responsible for generating the fundamental output waveform
of the inverter. This full bridge operates at the grid frequency and produces a three-
level voltage waveform at its output port, as depicted in Fig. 2.5. The fundamental
waveform of this output can be expressed as a function of the switching angle («).
To determine the fundamental component of this waveform, the Fourier series can be

written as follows:

1 2T
a; = —/ Vout, €OS(0)db (2.2)
T Jo
1 21
by = 5/ Vout, Sin(0)do (2.3)
0
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calculating these equations leads to the determination of the following coefficients:

a; = 0 (24)
4
by = Upe cos(a) (2.5)
T

based on these calculations, the equation for the fundamental voltage of the three-

level waveform with a switching angle of « is given by:

v1(t) = by sin(wt) = % cos(a) sin(wt) (2.6)

The optimal switching angle is the one that minimizes the peak of the reference
voltage of the second full bridge. By minimizing the peak voltage, the required
capacitance can be reduced, resulting in a decrease in the required blocking voltage

of the switches. This optimization allows the converter to operate more efficiently.

The waveform of the reference voltage for the second full bridge is depicted in
Fig. 2.4. As observed, the peak of this waveform occurs at the switching angle. To
minimize this value, the fundamental component of the three-level waveform should

have a value of v,,/2 at the switching angle:

% cos(a) sin(a) = 5 (2.7)

Solving this equation will result in the following switching angle:

a = 25.88 (2.8)

Since the fundamental voltage of the converter is generated by the upper full
bridge, the peak of this signal must be equal to the peak of the calculated total
voltage V;. The peak of the fundamental voltage of the converter can be expressed

as follows:

4 wt=% 4
vilund — ., cos(a) sin(wt) Y7,y fund —0,, cos(a) (2.9)
m m

invl Mmulpeqk
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The peak of the fundamental voltage has two parameters: the switching angle and
the voltage of the upper full bridge. The optimal value of the switching angle has
already been chosen to minimize the blocking voltage of the lower switches, thereby
increasing efficiency. Now, the optimal value of the upper full bridge voltage can be
determined by equating the peak of the grid voltage and the fundamental voltage as

follows:
Vi

4 cos(a)

—Upw cos(a) =V, = v, = (2.10)

If the peak of the total voltage is considered 340, the optimal voltage of the upper in-
verter should be 296. However, the main objective of the inverter is to operate within
a wide range of input voltages. To achieve this goal, the voltage of the upper inverter
will be allowed to swing around the optimum point. Consequently, an appropriate

switching angle can be determined by utilizing (2.13).

To find the range of the voltage swing of the upper full bridge, it should be
considered that the blocking voltage of the lower full bridge is desired to be around
half of the upper full bridge. This is done to limit the losses. Additionally, the
blocking voltage of the switches is equal to the required voltage of the capacitor,

which can be calculated using the following equation:

Ve = Maz{vp, — fi(a), fr(a)} (2.11)
vimd(g) = % cos(a) sin(a) (2.12)

Equation (2.11) has two parameters, o and vy,, but the switching angle itself is a

function of v,,. Using equation (2.10), it can be written as follows:

Vi
4vp,

o = cos !( ) (2.13)

Fig. 2.6 illustrates the relationship between the value of a and v,,. Once « is deter-

mined based on v, equations (2.11)-(2.13) can be combined, resulting in the ratio
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V./vpy based on vy, as depicted in Fig. 2.7.

To ensure high efficiency and minimize the blocking voltage of the lower full
bridge switches, the V. /v,, ratio is maintained at around 64%. Therefore, the lower
voltage of v, should be set to 280. Beyond this value, the blocking voltage of the
lower switches would increase dramatically. Conversely, as vy, increases, the V./v,,
ratio will decrease. However, a limit of 500 is chosen for vy, since, even though the
V. /vy ratio decreases, the blocking voltage of the lower full bridge needs to remain

high enough to support the system’s operation at that vy,.

Consequently, this system can operate within the range of 280 to 500 times the
value of vy, while maintaining high efficiency. The upper full bridge generates the
fundamental voltage using low-frequency switching with high efficiency, while the

lower full bridge utilizes low-voltage, high-frequency switches to maintain efficiency.

2.2.3 Current Controller

The primary objective of the current controller is to regulate the current of the
converter so that it can set the voltage of the PV source at the desired reference
determined by the MPPT, thus enabling it to generate the maximum power. Addi-
tionally, the current controller is responsible for controlling the reactive power of the

system in a grid-connected setup.

There are two commonly used methods for controlling the reactive power and
voltage of the PV source, which in turn enables the control of active power in grid-
connected systems. The first method is known as voltage-mode control. This ap-
proach involves adjusting the phase angle and amplitude of the converter’s AC-side

terminal voltage in relation to the grid voltage to regulate the real and reactive power.
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By closely matching the amplitude and phase angle of the converter voltage with the
grid voltage, independent control of real and reactive power can be achieved. How-
ever, voltage-mode control lacks a closed-loop control on the converter line current,
which can make the converter susceptible to over-current conditions. Rapid changes

in power commands or AC system faults can lead to significant current fluctuations.

To address the limitations of voltage-mode control, the second method, known
as current-mode control, is often employed. In current-mode control, a dedicated
current-control scheme is used to tightly regulate the converter line current through
the converter’s AC-side terminal voltage. By adjusting the phase angle and amplitude
of the converter line current in relation to the grid voltage, real and reactive power can
be controlled effectively. Current-mode control offers several advantages, including
protection against over-current conditions, robustness against parameter variations
in the converter and AC system, superior dynamic performance, and higher control

precision.

Given these advantages, the proposed converter implements control using current-
mode control in the dg-frame. However, due to the converter being single-phase, an
orthogonal signal generation (OSG) block is necessary to generate the orthogonal

component of the grid current in the o frame.

OSG Block

DQ frame current controllers were originally introduced for three-phase systems and
later extended to single-phase applications. These controllers utilize the «f/DQ
transformation to convert alternating current variables into equivalent direct current
quantities, enabling them to be controlled by PI controllers. The design process for

PI controllers is straightforward, and they demonstrate satisfactory performance in
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terms of dynamics and steady-state behavior. Furthermore, since the system variables
are transformed into DC quantities, the control loop is not influenced by the system
frequency. Moreover, this approach allows independent regulation of the voltage of
the PV and reactive power through simple adjustments of the D-axis and Q-axis

currents, respectively.

In single-phase inverter systems, DQ current control requires the generation of
orthogonal signals through an orthogonal signal generation (OSG) block in the af
frame. Traditionally, OSG has been implemented using phase shift methods such as
Hilbert transform, time delay, all-pass filter, and second-order generalized integrator
(SOGI). While these methods generally offer acceptable steady-state performance,
the time delay required to achieve a 90° phase shift slows down the system’s dynamic
response, which can be problematic in smart inverters. Furthermore, frequency drifts
can lead to inaccurate phase shifts, resulting in unacceptable errors in active and

reactive power control.

To address these issues and achieve a more robust system, this thesis implements
an OSG method based on [42]. This OSG approach ensures that the controller
remains independent of the system parameters and operating frequency. Additionally,
the method is instantaneous, introducing no additional delay or distortion to the

control process.

The desired  component is generated by first assuming the grid current as given
in equation (2.14). The 90° delayed version of this current, denoted by equation

(2.15), can be expressed as follows:
iga = Asin(d + ¢) (2.14)

igp = —Acos(0 + ) (2.15)
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here, 6 is defined as the integral of w with respect to time, as shown in equation
(2.16). In equations (2.14)-(2.16), w and 6 represent the angular frequency and phase
angle of the grid voltage, respectively, while ¢ denotes the phase angle between the

grid voltage and current.

0 = /Otw(T)dT (2.16)

The reference values of the D- and @Q-axes currents, denoted as [ and I, respec-

tively, correspond to the a-axis reference current iy, given by:

ipe = Bsin(y +7) (2.17)

In the above equation, v is the angle of the o8/ D@ transformation, and B and ~y are

B=\/I?+1I:2 ~=tan! (I—q) (2.18)
q ]:Z

The objective is to estimate the actual ;3. When the phase-locked loop (PLL)

defined as follows:

operates in a steady state, 1 is equal to 6. Additionally, due to the selection of
PI controllers, which eliminate the steady-state error of the current controller, iy,
eventually converges to i7,. Similarly, if the S-axis component of the grid current
were to exist, it would also converge to iy5. Therefore, the S-axis component can be
estimated based on the reference values of the D- and @-axes currents. Consequently,
the proposed method utilizes the values of /3 and I to generate an estimation of 7,3,
denoted as %95, given by equation (2.19). Fig. 2.8 illustrates the block diagram of this
method.

igs = — B cos(¢) + ) (2.19)
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Design of Current Control

The DQ current controller’s diagram is depicted in Fig. 2.9. In this controller, the
reference value for the D component (ig.f) will be generated by a PI controller, with
its input being the difference between the reference voltage of the PV system and
the measured voltage of the PV system. The reference voltage of the PV system is
determined by the Maximum Power Point Tracking (MPPT) algorithm. The primary
goal of 74,ef is to ensure that the voltage of the PV system is set to the desired value

and that the PV system generates the maximum power possible.

Furthermore, the reference value for the (3 component of the current can be generated

based on the desired reactive power values using the following equation:

2

_%Qref(t) (220)

iqref (t) =

Moreover, considering a steady-state operating condition and substituting w(t) =

wp, the system equations in the DQ frame can be expressed as follows:

»
Lﬁ = Luwgiy — Rig+ Vig — Vg (2.21)
di, o

% = —LWOZd - R/lq + ‘/;‘,q - ‘/:9(] (222)

However, the presence of Lwy terms in equations (2.21) and (2.22) causes the dynamics

of 74 and i, to be coupled. To decouple their dynamics, mg and m, are defined as

follows:
2 .
mg = — (uqg — Lwoiy + Vsa) (2.23)
Vbe
2
my = — (uy + Lwoiqg + Vi) (2.24)
Vbe

By substituting m, and m, from equations (2.23) and (2.24) into equations (2.21)
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and (2.22), the following equations can be obtained:

dig

L=! = —Rig+uq (2.25)
o
% = —Ri, +u, (2.26)

Equations (2.25) and (2.26) describe two decoupled first-order linear systems.
Based on these equations, iq and 7, can be controlled by u, and u,, respectively.
Using these equations, and since in the current control system, all the control, feed-
forward, and feedback signals are DC quantities in the steady state, the current

control block diagram can be simplified as shown in Fig. 2.10.

Fig. 2.10 shows that the control plants in both the d- and g-axis current control
loops are identical. Hence, the corresponding compensates can also be identical. For
the d-axis control loop, k4(s) can be a simple proportional-integral (PI) compensation
to track a DC reference command:

. k'pS—I—k?i
N S

ka(s) (2.27)

where k, and k; are the proportional and integral gains, respectively. Thus, the loop

(s) = <%) ti (2.28)

R
S+f

gain becomes:

Since the plant pole at s = —% is close to the origin, the magnitude and phase of the

loop gain start to drop from a relatively low frequency. Therefore, the compensates

zero at s = —,’j—; cancels out the plant pole, resulting in the simplified loop gain
l(s) = % Consequently, the closed-loop transfer function, 1i(;()s), can be expressed
as:
Id(s) 1
— = Gy(s) = 2.29
Idrof(s) (8) TS + 1 ( )
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provided that:

L
R
- (231)

Here, 7; represents the time constant of the resultant closed-loop system. Equa-
tion (2.29) reveals that by selecting &, and k; according to equations (2.30) and (2.31),
the response of i4(t) follows a first-order transfer function with a time constant 7; as
a design choice. To achieve a fast current control response, 7; should be small, yet
sufficiently large such that Ti (the bandwidth of the closed-loop control system) is
considerably smaller than the switching frequency of the converter. The same com-

pensate as kq(s) can also be used for the g-axis compensate (k,(s)).

The output of the current controller, as shown in Fig. 2.9, is V; and V. These
values can be transformed into stationary waveforms, and the generated reference is
the voltage that the converter is required to produce at the terminals connected to
the grid and inductance. This voltage is called the total voltage (V) in this thesis
and can be calculated using the following equation. In this equation, w and ¢ are

determined by the PLL connected to the voltage of the grid.

Vi = Vgsin(wt + ¢) + Vg cos(wt + ¢) (2.32)

2.2.4 Capacitor Voltage Regulator

The voltage regulator for the capacitor is a crucial component of the inverter system.
Equations (2.11)-(2.13) demonstrate that the capacitor voltage should be adjusted
according to the voltage of the upper full bridge. Fig. 2.11 provides a visual repre-
sentation of how the capacitor voltage should be controlled in relation to the voltage

of the upper full bridge.
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To achieve this control, an appropriate controller must calculate the reference
voltage for the capacitor and regulate it to the desired value. As mentioned earlier,
the capacitor voltage should ideally match the maximum of the waveform shown
in Fig.2.4. This maximum occurs at the point «. Based on this observation, the
reference voltage can be calculated using equation (2.33), and its corresponding block

diagram is illustrated in Fig.2.12.

Viref = max {va — V,sin ((:os1 <Z;;gv)> , Vg sin ((:os1 (Z?Zi)> } (2.33)

After determining the reference voltage for the capacitor, the controller must

effectively maintain the voltage at this specified value. To regulate the DC link
voltage of the full bridge, the controller controls the active power flowing through the
full bridge. By injecting active power into the capacitor, its voltage increases, and

vice versa, by extracting active power from the capacitor, its voltage decreases.

To control the active power, the lower full bridge must generate the fundamental
voltage at its output. For this purpose, a feedback mechanism is necessary. This
mechanism compares the actual DC bus voltage with the reference command. Then,
a PI controller determines the desired magnitude of the fundamental voltage required
to control the active power. To align the generated fundamental voltage of the lower
full bridge with the current passing through it, the angle of V; is determined based
on the values V; and V,. This angle, along with the angular frequency of the grid,
is used to generate a unity cosine waveform. Finally, the output of the PI controller

adjusts the magnitude of this unity waveform, as shown in Fig. 2.13.

Ultimately, the generated reference voltage is added to the reference waveform
resulting from the harmonic elimination control block. This resultant waveform is

then used to modulate the switches of the lower full bridge, as shown in Fig. 2.3.
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2.3 Simulation Results of Full Bridge Cascaded In-

verter

This section presents the simulation results of the converter, demonstrating its per-
formance and ability to generate the required output voltage across a wide range of
input voltages. Additionally, the FFT of the waveform is displayed, demonstrating

the low harmonics present in the output voltage and current.

The full bridge inverter cascaded with a high-frequency bridge with floating input
capacitor is simulated for two different input voltages of the PV system and results
are reported. The first simulation is done for a voltage of 400, which is the nominal
voltage of the converter. Fig. 2.14 shows the waveform of the output voltage, current,
and voltage of both full bridge outputs, as well as the voltage of the capacitor. As can
be seen from the figure, the converter can generate the desired output voltage and
current. Fig. 2.15 shows the harmonic content of these waveforms. This harmonic
content indicates that the converter generates a low amount of harmonics, despite
the low-frequency operation of the PV-connected full bridge. This is mainly due to

the active harmonic elimination in this circuit.

Furthermore, the simulation results for an input voltage of 280 are also depicted
in Fig. 2.16. This represents the lowest voltage at which the converter can operate.
As evident from the figure, the converter was able to generate the desired output

waveform and successfully maintained the capacitor voltage at the desired level.
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Figure 2.14: Waveform of Full Bridge Inverter Cascaded with a High-
Frequency Bridge with Floating Input Capacitor (V,, = 400): (a) Output
voltage of inverter, (b) Output current, (c) Output voltage of main inverter,

(d) Output voltage of capacitor connected inverter, (e) Voltage of capacitor.
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Additionally, as illustrated in Fig. 2.17, the converter once again effectively eliminated
the harmonics of the main full bridge by utilizing the capacitor-connected full bridge
configuration. The circuit parameters for both simulations are identical and are

presented in Table 2.1.
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Figure 2.16: Waveform of Full Bridge Inverter Cascaded with a High-
Frequency Bridge with Floating Input Capacitor (V,, = 280): (a) Output
voltage of inverter, (b) Output current, (c) Output voltage of main inverter,
(d) Output voltage of capacitor connected inverter, (e) Voltage of capacitor.

35



Chapter 2. Hybrid Cascaded FExtended Input Voltage Range Inverters

Table 2.1: System parameters of the full bridge inverter cascaded with a
high-frequency bridge with floating input capacitor.

Parameter Value

Input voltage

Vi 280-500v
Grid voltage Vy 240v
Filter inductance L omH
Capacitance C ImF
Upper full bridge switching frequency fs1 60H =z
Lower full bridge switching frequency fs2 30kH z

Value(V)

2 4 6 8 10 12 14
Harmonic Order

(a)

16 18 20

< 0.03 4

2 4 6 8 10 12 14
Harmonic Order

(b)

Figure 2.17: Full bridge inverter cascaded with a high-frequency bridge with

floating input capacitor (V,, = 280): (a) Harmonic spectrum of the output

voltage, (b) Harmonic spectrum of the output current.
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These simulation results demonstrate the converter’s robust performance across
a wide range of input voltages, showcasing its capability in accommodating varying
PV system conditions. When tested at its nominal voltage of 400, the converter
consistently delivered the desired output voltage and current, while maintaining low
harmonic content. Even at the lowest input voltage of 280, the converter continued
to exhibit its ability to generate the required waveform and efficiently control the
capacitor voltage. These outcomes affirm the effectiveness of the active harmonic
elimination technique employed in this circuit design. The consistent performance
and harmonic mitigation capabilities of this converter make it a promising choice for

PV system applications, offering reliable operation under different voltage conditions.

2.4 T-type Inverter with Cascaded Floating Ca-

pacitor

In this section, the T-type converter with a cascaded floating capacitor is explored as
the second type of extended input range converter. The circuit configuration of this
inverter is depicted in Fig. 2.18. This circuit consists of an upper T-type converter
with eight high-voltage, low-frequency switches. The upper T-type converter plays a
crucial role in converting the active power generated by the PV system and seamlessly

transferring it to the grid system.

However, the low-frequency T-type converter also generates harmonics at its out-
put, which need to be eliminated. Similar to the previous inverter configuration, a
full bridge is used to cancel out these harmonics, as shown in Fig. 2.18. This bridge
is connected to the capacitor and effectively cancels out the harmonics generated by

the T-type converter.
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Although the full bridge operates at a high switching frequency, it demonstrates
low losses due to its operation at a low voltage level. In this converter, the voltage of
the capacitor, which determines the operating voltage of the switches, can be reduced
to as low as one-fourth of the PV voltage. This reduction allows for the use of switches
with lower blocking voltage and lower Ry, ,, further increasing efficiency. Operating
at this reduced voltage effectively minimizes switching losses, resulting in an overall
enhancement in inverter efficiency. Furthermore, this converter generates an output
waveform with a higher number of voltage levels, which results in a smaller inductor
at the output, potentially leading to a more compact design compared to the full

bridge.

Regarding switch selection, the T-type configuration requires high-voltage, low-
switching-frequency switches, allowing it to utilize eight IGBT switches (Appendix A),
while the full bridge calls for low-voltage, high-frequency switches and can make use

of four MOSFETs.

2.5 Operation and Control of the T-type Inverter
with Cascaded Floating Capacitor

The effective operation of the system relies on the presence of a well-designed con-
troller that can generate the necessary references for both the T-type inverter and the
full bridge converter. This controller is similar to the one proposed for the previously
discussed topology and is composed of four key components: the a and § generator,
the reference generator for the full bridge, the current controller, and the capacitor
voltage regulator. Together, these components work harmoniously to ensure the op-

timal performance of the system.
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To begin, the a and 3 generator within the controller plays a crucial role in con-
trolling the modulation angle of the T-type converter. By precisely manipulating the
modulation angle, this component enables control over the fundamental voltage, thus
ensuring the desired voltage level at the output. Through its meticulous regulation
of the modulation angle, the  and 3 generator guarantees that the system operates

by the predefined total voltage (V;) requirements.

Moving on to the reference generator for the full bridge, its primary objective is
to eradicate any harmonics that may be generated by the T-type converter. This goal
is achieved by determining the optimal reference voltage to cancel out any unwanted
harmonic components produced by the T-type converter. This step is crucial in main-

taining the quality of the output voltage and minimizing the presence of harmonics.

Similar to the previous converter, the current controller is necessary to ensure
that the voltage of the PV system is set at the reference value determined by MPPT
to extract the maximum available power from the PV source. Moreover, the current
controller is required to control the reactive power of the converter. The output of the
current controller will be the total voltage (V;) which is the voltage that the inverter

must produce at its output terminals connected to the grid and inductance.

Since the full bridge is not directly connected to the power source, it becomes
necessary to employ a capacitor voltage regulator. This component takes on the
responsibility of carefully regulating the voltage across the capacitor to a desired
level. The capacitor voltage regulator is a vital component in maintaining the overall

stability of the system and allowing it to function optimally.
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2.5.1 Full Bridge Reference Calculation

The main objective of the full bridge configuration is to generate harmonics that
counteract the harmonics produced by the T-type converter. By utilizing the full
bridge, the unwanted harmonics can be effectively canceled out. To achieve this
cancellation effect, the reference voltage for the full bridge is determined similar to
the previous converter, by taking the inverse of the difference between the voltage of

the main inverter and the total voltage (V;).

The voltage produced by the T-type takes on a five-level waveform, while the
total voltage follows a sinusoidal waveform. The shape of the reference voltage for
the full bridge will be similar to the waveform shown in Fig. 2.19. As discussed in the
previously proposed converter, to increase efficiency, it is desirable to use switches

with high frequency and low voltage in the full bridge.

The blocking voltage of the lower switches is directly influenced by the voltage
across the capacitor. It is essential to ensure that the capacitor voltage remains higher
than the maximum value of the reference voltage depicted in Fig. 2.19 to prevent the
occurrence of over-modulation and the generation of unwanted harmonics. To achieve
the desired minimum voltage across the capacitor, the calculation of the switching

angles (a and /) becomes crucial to result in the minimum desired capacitor voltage.

2.5.2 Switching Angle Calculation

The T-type operates at a low frequency and produces a voltage waveform with five
levels at its output port, as shown in Fig. 2.20. The fundamental waveform of this

output can be described as a function of the switching angles (o and ). To determine
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the fundamental component of this waveform, the Fourier series can be used:

1 2T
a; = —/ Vout, €OS(0)db (2.34)
T Jo
1 27
by = 5/ Vout, Sin(#)do (2.35)
0

By evaluating these equations, the following coefficients can be determined:

a1 =0 (2.36)

by = 2 [cos(B) + cos(a)] (2.37)

™

Using these calculations, the fundamental voltage of the five-level waveform with a

switching angle of o and 8 can be expressed as:

2V, .

vIund — P eos(B) 4 cos(a)] sin(wt) (2.38)
7

The a and 3 should be chosen to result in the minimum required capacitor voltage

of the full bridge to increase the efficiency of the converter. Similar to the previous

converter and as shown in Fig. 2.19, the peak of this waveform occurs at the switching

angles. To minimize this value, the fundamental component of the five-level waveform

should have a value of v,,/4 at wt = a and 3v,,/4 at wt = G

2"‘7’:“ [cos(8) + cos(a)] sina) = - (2.39)
21;:” [cos(B) + cos(a)] sin(B) = 31:;" (2.40)

Simplifying these equations will result in the following equations:

sin(a + B) — sin(a — B) +sin(28) = (2.41)

sin(a + ) + sin(a — ) + sin(2a) = (2.42)

SEENE
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Now the two equations and two unknowns can be solved using Matlab, and the

resulting switching angles will be as follows:
a=13.44 (2.43)

B = 44.22 (2.44)

Assuming that the converter operates at unity power factor, and since the funda-
mental voltage of the converter is completely generated by the T-type converter, the
peak of the fundamental waveform of this five-level waveform should be equal to the
peak of the total voltage. Furthermore, in the resulting equation, the optimal values
of the switching angles are known. Therefore, using this equation, the optimal value
of the voltage of the T-type converter can be found, as shown here:

Vi
2[cos(B) + cos(a)]

(2.45)

invl

. N,
ylund — %[COS(B) + cos(a)] = Vi = vy =

If the peak of the total voltage is considered 340, the optimal voltage of the upper
inverter should be 316.15. However, similar to the previous topology, the voltage of
the T-type inverter will be allowed to swing around the optimal point. To control
the fundamental voltage, there are two choices: a or 5. However, changing S can
be a better option since the sine wave has sharper changes around «, which can lead
to larger variations in capacitor voltage. To avoid that and simplify the control, «
will be considered constant, and S will be adjusted to control the fundamental of the

T-type converter.

The range within which the voltage of a T-type converter can swing should be
chosen in a way that avoids the requirement of switches with a large voltage blocking
capability in the full bridge. Therefore, the voltage of the capacitor connected to the
full bridge should be calculated using the following equation:

Vo= Mar{ — fifa). fu(e), ilB) =5 vw = () (246)
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Vint(a) = 22 cos(5) + cos(a)] sinfa) (2.47)
VA(8) = 22 cos(8) + cos(a)] sin(5) (2.49)

Based on these equations, V. is a function of three variables: «, 3, and v,,. As
mentioned earlier, o will be considered constant and equal to 13.44. Additionally, /3

is a function of v,, and can be calculated using the following equation:

V, — 1.945220,,
B =cos™? (W - 7 e ) (2.49)
pu

Fig.2.21 demonstrates the correlation between the variable 8 and the value vy,.
Once f is established from the given v,, value, the ratio V./v,, can be derived as

shown in Fig.2.22.

As shown in Fig. 2.22, the T-type converter can operate within a voltage range of
300 to 500. However, an improvement has been achieved by maintaining the V. /v,
ratio at around 34%, which is nearly half of what was previously required in the older
topology. This enhancement not only leads to higher converter efficiency but also

results in cost savings in terms of the switches used.

2.5.3 Current Controller

This part of the controller closely resembles the current controller used in the full
bridge converter with a cascaded floating capacitor, which was previously discussed.
Both controllers share the common objective of regulating the converter’s current to
control the reactive power and set the voltage of the PV source at the desired reference
determined by the Maximum Power Point Tracking (MPPT) algorithm. This ensures

that the PV system operates at its maximum power generation capacity.

Since the system operates as a single-phase converter, an orthogonal signal gen-
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eration (OSG) block is employed to generate the orthogonal component of the grid
current in the af frame. The OSG block estimates the [-axis component of the
grid current based on the values of Ij and I, as depicted in Fig.2.8. The resulting

a8 currents are then transformed to the D() frame, and the controller utilizes these

values to independently regulate the D and @) currents (Fig.2.9).

The simplified block diagrams of the current controller are illustrated in Fig. 2.10.

Based on these diagrams, the coefficients of the PI compensates can be calculated as

follows:
L
k,=— (2.50)
T;
k; = E (2.51)
T;

Finally, the output of the current controller, V; and V,, transforms stationary
waveform, representing the voltage that the converter must generate at the terminals
connected to the grid and inductance. This voltage, known as the total voltage
(V4), can be calculated using the following equation. In this equation, w and ¢ are

determined by the phase-locked loop (PLL) connected to the grid voltage.

Vi = Vysin(wt + @) + V, cos(wt + ¢) (2.52)

2.5.4 Capacitor Voltage Regulator

The equations (2.46)-(2.49) demonstrate that the capacitor’s voltage must be modi-
fied based on the voltage of the T-type converter. Fig. 2.23 provides a visual repre-
sentation of how the capacitor voltage should be adapted based on the voltage of the

T-type converter.

In a manner akin to the approach described in Section 2.2.4, the regulation of

the full bridge voltage is crucial, and its control mechanism can be represented using
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the block diagram shown in Fig. 2.13. By comparing the actual DC bus voltage with
a reference command, the control unit manages the active power flow through the
full bridge, either injecting or extracting power from the capacitor to maintain the
desired voltage level. The controller achieves this goal by using a PI controller to
adjust the magnitude of the fundamental voltage generated by the full bridge and by
using V; and Vj, to align the generated fundamental voltage with the current passing

through the full bridge.

2.6 Converters Comparison

Table 2.2 presents a comparison of the introduced full bridge cascaded inverter in
this chapter with existing topologies. It is evident that this inverter demands fewer
passive components and exhibits a broader input voltage range. Furthermore, unlike
the majority of existing topologies, this inverter employs a blend of low-voltage high-

frequency switches and high-voltage low-frequency switches to enhance its efficiency.

In addition, table 2.2 provides a comparison of the proposed T-type inverter
with a cascaded floating capacitor against existing topologies. This topology, once
again, requires a reduced number of passive components and has the capability of an
extended operating range for input voltages. Additionally, it utilizes a combination
of low-voltage high-frequency switches and high-voltage low-frequency switches to

achieve better performance.
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Table 2.2: Summary of Various Inverter Topologies

No. of | No. of | No. of

Input voltage No. of No. of
Topology Vg HVHF | LVHF | HVLF
range inductors capacitors
switches | switches | switches
Half-Bridge Voltage Swing 120
NR / 5 0 1 4 5
Inverter [3] Fig. 1.1 60 Hz

The Z-source and
quasi-Z-source inverters NR NR 5 0 0 3-4 4-5
[21] & [22] Fig. 1.2

Two mode inverter [19] 230 /
220-420 9 0 1 2 2
Fig. 1.3 50 Hz
Dual-Buck-Structured
155 /
Buck-Boost Inverters [34] 70-200 4 0 4 6 4
60 Hz
Fig. 1.5
Single-Stage Buck-Boost 230 / 1 Inductor
250-450 4 0 4 2
Inverters [40] Fig. 1.7 60 Hz 1 Transformer
Proposed Full Bridge 240 /
280-500 0 4 4 1 2
Cascaded Inverter 60 Hz
Proposed T-type Inverter
240 /
with Cascaded Floating 300-500 0 4 8 1 3
60 Hz
Capacitor

2.7 Simulation Results of T-type Inverter with Cas-
caded Floating Capacitor

In this section, the simulation results of the T-type inverter with a cascaded floating
capacitor are provided to demonstrate the capability of this inverter to generate
the required output voltage and current. The simulation investigates outcomes for
two distinct input voltages sourced from the photovoltaic (PV) system. Initially,
the focus is placed on a voltage level of 400, aligning with the converter’s nominal

operational voltage. The results are presented in Fig. 2.24, depicting the waveforms
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of the output voltage, current, as well as the voltages across both full bridge outputs
and the capacitor. These figures showcase the converter’s proficiency in effectively
generating the desired waveforms. Additionally, the harmonic content of the output
current and voltage is depicted in Fig. 2.25, demonstrating the lower full bridge

capability in reducing harmonics and generating a clean output waveform.
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Figure 2.24: Waveforms of T-type inverter with cascaded floating capacitor
(Vw = 400): (a) Output voltage of inverter, (b) Output current, (c) Output
voltage of T-type inverter, (d) Output voltage of full bridge, (e) Voltage of
capacitor.
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Moreover, Fig. 2.26 portrays the simulation results for a minimum operational
threshold of the converter, which is V,, = 300. The figures show that the converter
accomplished the task of producing the intended output waveform and effectively
regulated the capacitor voltage to the desired value. Furthermore, Fig. 2.27 demon-
strates the successful harmonic suppression of the T-type converter, achieved once
more through the application of the capacitor-linked full bridge setup. The circuit

parameters for both simulations remain consistent and can be found in Table 2.3.
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Figure 2.26: Waveforms of T-type inverter with cascaded floating capacitor
(Viw = 300): (a) Output voltage of inverter, (b) Output current, (c¢) Output
voltage of T-type inverter, (d) Output voltage of full bridge, (e) Voltage of

capacitor.
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Table 2.3: System parameters of the T-type inverter with cascaded floating

capacitor.
Parameter Value
Input voltage Vi 300-500v
Grid voltage Vg 240v
Filter inductance L 3mH
Capacitance C ImF
T-type converter switching frequency fs1 60/120H z
full bridge switching frequency fs2 30kH z
0.5
0.4
5 0.3
;z 0.2 4
0.1
0
2 4 6 8 10 12 14 16 18 20
Harmonic Order
(a)

2 4 6 8 10 12 14 16 18 20
Harmonic Order
(b)

Figure 2.27: T-type inverter with cascaded floating capacitor (V,, = 400):
(a) Harmonic spectrum of the output voltage, (b) Harmonic spectrum of the

output current.
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The simulation results for the T-type inverter with cascaded floating capacitor
reveal its ability to consistently generate the required output voltage and current.
The converter effectively minimizes the harmonic content in the output waveform,
thanks to the integrated capacitor-linked full bridge configuration. This promising

performance makes the converter a promising choice for PV system applications.

2.8 Summery

This chapter introduces two novel inverter designs capable of accommodating an
extended input voltage range. The first topology is the full-bridge inverter with a
cascaded floating capacitor, utilizing two cascaded full bridges. In this configuration,
the PV-connected full-bridge operates at a low switching frequency to produce the
required output waveforms. Meanwhile, the second full-bridge operates at a high
frequency to effectively mitigate harmonics. However, the blocking voltage of the
switches in the lower full bridge is reduced to approximately 60% of the input voltage.
This hybrid configuration contributes to enhanced converter efficiency. Simulation
results are presented to demonstrate the converter’s proficiency in generating the

desired voltage and current across various input voltage ranges.

The second proposed converter in this chapter adopts a T-type inverter with a
cascaded floating capacitor. In this converter, the T-type topology replaces the full-
bridge inverter to interface with the PV source. Once again, the T-type inverter
will operate at a low switching frequency, tasked with generating the fundamental
component of the output voltage. The full bridge connected to the capacitor in this
configuration is responsible for canceling out the harmonics. This full bridge also op-
erates at a high switching frequency; however, the blocking voltage of the switches is

reduced to around 30%, which is half of the value utilized in the first converter. Sim-
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ulation results once again validate the converter’s performance in generating desired
output waveforms, with low harmonics achieved through active harmonic filtering via

the full bridge configuration.
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Figure 2.3: Controller block diagram of the full-bridge converter with a cas-

caded floating capacitor.
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Figure 2.5: Full bridge three-level output waveform.
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Figure 2.7: The ratio of the capacitor voltage to the source voltage
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Figure 2.9: DQ current controller
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Figure 2.10: Simplified current controller
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Figure 2.11: Capacitor voltage based on the source voltage.
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Figure 2.12: Capacitor voltage reference calculator.
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Figure 2.15: Full bridge inverter with a cascaded floating capacitor (V,, =
400): (a) Harmonic spectrum of the output voltage, (b) Harmonic spectrum

of the output current.
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Figure 2.19: Reference voltage of the full bridge.
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Figure 2.20: Output voltage of T-type converter.
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Figure 2.23: Capacitor voltage based on the voltage of the T-type converter’s

source.
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Figure 2.25: T-type inverter with cascaded floating capacitor (V,, = 400):
(a) Harmonic spectrum of the output voltage, (b) Harmonic spectrum of the

output current.
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Flyback-Assisted Wide Input

Range Inverter

This chapter presents another topology aimed at achieving an inverter with a wide
input range of voltage. In this proposed configuration, an individual PV source solely
feeds the system, and a flyback converter is utilized to interconnect the upper and

lower full bridges, as illustrated in Fig. 3.1.

Operational efficiency is a crucial aspect of the proposed design. To this end, the
high-voltage full-bridge operates at a low switching frequency and handles between
75% to 100% of the total output power, depending on the required voltage of the
solar panel to operate at MPP. This ensures that the entire system maintains a high

level of efficiency.

On the other hand, the flyback converter and low-voltage full bridge operate at
high switching frequencies. However, in this stage, only a maximum of 25% of the

power is processed, thereby guaranteeing superior efficiency compared to existing

62



Chapter 3. Flyback-Assisted Wide Input Range Inverter
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Figure 3.1: Block diagram of the proposed flyback-assisted Wide input range

inverter

topologies. Additionally, the flyback converter will be switched out when the voltage
of the PV system is high enough to generate the required fundamental voltage alone.
This way, the switching loss of the flyback converter will be reduced, and efficiency

can be further improved.

In addition, the proposed topology extends the range of achievable voltage com-
pared to the topologies presented in the previous chapter. The flyback converter’s
ability to process a portion of the power allows for a decrease in the lower voltage
limit of the PV (Photovoltaic) system. Additionally, the size of the low-power trans-
former required for the flyback converter is considerably smaller compared to the high
inductance filter required by conventional 2-level inverters. Moreover, the size of the
filter required for this topology is also reduced due to the elimination of harmonics

by the high-frequency full bridge.
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By incorporating these features, the new topology demonstrates promising ad-
vantages in terms of efficiency, size, and extended voltage range. The subsequent
sections of this chapter will delve into the theoretical framework, detailed design, and
performance evaluation of the proposed inverter topology, highlighting its potential

applications and benefits in the field of renewable energy systems.

3.1 Circuit Configuration of Flyback-Assisted Wide

Input Range Inverter

The single-source inverter proposed in this Chapter comprises two converter stages:
the flyback converter and the asymmetric cascaded full bridge inverter. The complete
circuit diagram of the inverter is depicted in Fig. 3.2. The operation of each of these

parts will be discussed in detail in the following sections.
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Figure 3.2: Circuit configuration of the proposed flyback-assisted inverter

and the important waveforms of the converter
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3.1.1 Power Circuit Description and Operation

The cascaded full bridge inverters can be categorized into two groups: symmetric
and asymmetric inverters. In conventional symmetric cascaded full bridges, the DC
sources have equal voltage levels. In contrast, asymmetric inverters distribute the
sources unequally. While symmetric multilevel inverters offer the advantage of a
smaller switch voltage stress, asymmetric multilevel inverters can produce a higher
number of voltage levels with the same number of full bridge modules. This charac-
teristic results in an output waveform with lower harmonics and enables the reduction
in the size of the output converter’s filter. In addition, in the proposed inverter the
switches with the higher voltage stress operate at the grid freq and thus the unequal
voltage stress caused by asymmetrical cascaded multilevel inverter is not an issue.
The number of voltage levels obtained with a given N number of H-bridge modules

in the case of symmetric multilevel inverters can be expressed as [20]:

L=2N+1 (3.1)

On the other hand, the number of voltage levels for asymmetric multilevel inverters
is given by [20]:
L=2N" 1 (3.2)

Additionally, the lower full bridge, operating at a high frequency, can effectively
eliminate the harmonics generated by the upper full bridge due to its low switching
frequency. However, in this topology, when the PV voltage drops below a certain
value, as illustrated by the phase diagrams in Fig. 3.2, the lower inverter should
supply active power. The generation of active power by the lower full bridge can be
achieved because another converter is connected to transfer power from the source to

the lower full bridge.
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It is worth noting that the additional Flyback converter does not need to provide
the rated output power. The amount of the fundamental that the lower full bridge is
required to generate varies between 25% and 0%, depending on the voltage of the PV
source. Therefore, the Flyback converter is only required to be designed at a fraction

of the output rated power.

In this topology, the switching devices in both full bridges experience different
levels of voltage stress and operate under different frequencies. Ideally, MOSFETSs
with low conduction resistance Ry, are preferred for the lower full bridge, while the
IGBT is better suited for the upper full bridge (Appendix A). The hybrid config-
uration of IGBT and MOSFET switches capitalizes on the strengths of each type,

enabling the inverter to operate optimally across a wide input voltage range.

3.2 Control System Description for the Flyback-

Assisted Inverter

The generation of the output voltage with desired characteristics and low harmonics
necessitates the utilization of a sophisticated control algorithm capable of produc-
ing appropriate references for the modulation block, which can be converted to the

switching gates as shown in Fig. 3.3.

The power converter’s controller comprises three main parts. The first part of
the controller has the responsibility of controlling the current, which is the same as
the current controller proposed for the previous converters. This part ensures that
the voltage of the PV source is regulated at the desired voltage level determined by

the MPPT and also controls the reactive power of the converter.
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Figure 3.3: Control system of the proposed flyback-assisted inverter

The second control section is responsible for regulating the modulation angle of
the main full bridge, such that the maximum possible active power is extracted from
the PV and provided by the main full bridge. The third part has the responsibility of
overseeing the flyback and lower full bridge. Moreover, this section of the controller
is tasked with generating the appropriate reference for the lower full bridge, enabling
the cancellation of harmonics from the main full bridge and the generation of a

portion of the fundamental voltage of the output waveform based on the voltage of
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the source connected to the upper full bridge. As the first part is similar to the
previous chapter, the details of the second and third parts of the controller will be

discussed in the following sections.

3.2.1 Control of Modulation Angle

In the operation of this inverter, the goal is to process as much power as possible
using the full bridge converter connected to the PV source. The flyback and lower
full bridge are reserved to generate the fundamental voltage only in case the main full
bridge faces a problem. When the PV voltage is high enough, the main full bridge
can generate all the fundamental voltage required by the system, the controller will
turn off the flyback converter to reduce unnecessary switching losses. This is achieved
by using the comparator and lookup table in the control block diagram (Fig. 3.3).
The converter functions like a full bridge inverter with an auxiliary floating capacitor,
and the modulation angle remains the same as previous chapter, as shown here:

v,

4vp,

) (3.3)

o = cos !(

However, when the main full bridge cannot generate the required fundamental
voltage, the flyback is activated, and the previous equation is no longer valid. This
occurs when the peak of the fundamental voltage generated by the main full bridge is
lower than the peak of the grid voltage, as shown in the phase diagram, Fig. 3.2. The
output voltage of the main full-bridge connected to the source exhibits a three-level
waveform, and the total fundamental voltage (V}) required is illustrated in Fig. 3.4.
Therefore,

Ay, ~

viund — ) = cos(a) < V; (3.4)

mu
s
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Figure 3.4: Output voltage of PV-connected full bridge and the desired total
voltage (V).

Since the reference of the second full bridge will be the difference between the total
voltage and the generated voltage of the main full bridge, the peak of the fundamental

voltage required by the second full bridge can be calculated as follows:

"7 fun 9 "7 fun 9 dv v
vlund — vy, — Vi{wld =V, — ; cos(a) (3.5)
As it is explained in section 2.2.1, to minimize the lower full bridge inverter bus
voltage, in this mode of operation, it is better to find a such that dV}, = dV5 in
Fig. 3.2. Therefore:

V; sin(a) = % (3.6)

For this mode of operation, using (3.6) the modulation angle can be found as follows:

o = sin™* (V‘;T)> (3.7)
2V;

Based on the modulation angle equations (3.3) and (3.7), Fig. 3.5 shows how the

value of o changes based on the variation of v,, when V; is equal to 340. This alpha

generation block for two modes of operation is implemented as shown in Fig. 3.3.
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Figure 3.5: Modulation angle based on the voltage of the PV source.

3.2.2 Control of Flyback and Capacitor-Connected Full Bridge

As shown in the control block diagram of Fig.3.3, the lower full bridge should provide
the harmonics and fundamental components that the main full bridge could not
generate. Therefore, the reference of the lower full bridge can be calculated using the

following equation:

Vresa() = Vilt) = Vi (8 (3.8)

To generate this reference voltage, a control system should be implemented for both
the lower full bridge and the flyback converter to accurately modulate them. The

details of these controllers will be discussed in more detail in the following sections.

Lower Full Bridge Bus Control

The lower full bridge can generate the reference voltage calculated in (3.8) if the
voltage of its capacitor is regulated at a value higher than the peak of its reference.
Otherwise, the system will suffer from overmodulation and produce subharmonics

in the output. The reference voltage of the capacitor, which is higher than that of
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the lower full bridge, can be calculated using the following equation. This equation,
unlike the previous ones used for calculating the reference of the capacitor voltage
in the previous chapter, has three terms labeled dV; — dV'3 in Fig. 3.6. As shown in
this figure, the third term appears since the lower full bridge may process part of the
fundamental voltage, which may cause the peak of the reference voltage for the lower

full bridge to occur at 90°. Therefore,

Ve, = Max |V, sin(a), Vi — V,sin(a), V, — Vi (3.9)

ref
As shown in the control block diagram, this equation will be used in this mode by

switching the V¢

.., at the critical points. The PI shown in the diagram will control

the duty cycle of the full bridge to make sure the voltage of the capacitor is controlled

at its minimum voltage possible.

Vref2

time

Figure 3.6: Reference of the capacitor connected full bridge.

Using (3.9), the percentage of V. to V,, for different voltages of the PV source
can be plotted as shown in Fig. 3.7. This figure also indicates the critical point where
the converter turns off or on the flyback and alters the equation that its controller
uses to calculate the modulation angle. As can be observed, by implementing this
modulation angle controller, the required voltage of the capacitor is limited to a
maximum of 64% of the PV voltage. This allows the lower full bridge to use low-

voltage switches, thereby increasing the efficiency of the converter.

71



Chapter 3. Flyback-Assisted Wide Input Range Inverter
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Figure 3.7: Percentage of the capacitor voltage based on the voltage of the

PV source.
Flyback Control Mechanism

If the main full bridge can provide the total fundamental required, (3.8) will not
have any fundamental component, and the flyback is not required. However, when
the main full bridge cannot generate the total fundamental voltage required, the
fundamental voltage that the second full-bridge must generate based on v,, can be
found by substituting the « from (3.7) into (3.5):

> 9 4 m . v
vlund — vy, — U cos (sm_1 (UPA )) (3.10)
™ 2V,

Using this equation, the required percentage of the fundamental voltage that should
be generated by the second full-bridge based on the total required fundamental voltage
can be found, as shown in Fig. 3.8. As can be seen, after the critical voltage is
reached, the percentage will be reduced to zero since the flyback will be turned off by

the controller, and no fundamental voltage will be generated by the lower full bridge.

Now, the question is when to switch between these modes of operation. The

flyback turns on when the fundamental of the second full bridge in (3.10) becomes
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greater than or equal to zero.

> > 4 n .- v
yiund — vy, U cos (sm ! (UPA )> >0 (3.11)
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Figure 3.8: Percentage of the generated fundamental voltage based on the

voltage of the PV source.

Therefore, to find the value of V,,,.,.... , the following equation must be solved:

A

4vpy
Vt—icos(a):()
m

a =sin~! (Upf))
2V,

Solving this nonlinear equation in Matlab results in solutions provided in Fig. 3.9.

& 4 v - v
é%—&cos (sm 1(%)) =0 (3.12)
T 2V

The switching points are used in a look-up table as shown in the control block diagram

Fig. 3.3 to generate switching time for V,,,.

In summary, this inverter operates in two stages. In the first stage, the flyback is
activated, allowing it to process a portion of the fundamental output voltage. Conse-
quently, the inverter can function at lower voltages compared to a full bridge inverter
with an auxiliary floating capacitor. During this interval, the flyback converter has
the task of controlling the voltage of the capacitor while processing the required ac-

tive power to enable the lower full bridge to generate the fundamental voltage.
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However, in the second stage, the controller deactivates the flyback, causing the
system to operate exactly like a full bridge inverter with an auxiliary floating capac-
itor. During this interval, the same capacitor voltage controller as the one discussed
in section 2.2.4 will be used. The reason behind turning off the flyback in the second
stage lies in the main full bridge’s capability to generate the desired fundamental volt-

The

age when the voltage of the source exceeds a critical value denoted as V,,

VCritical *

details of how to calculate V, will be discussed in the next section. Addition-

PUCritical
ally, turning off the flyback can enhance efficiency and reduce unnecessary switching

losses associated with the flyback converter.

3.3 Simulation results

This section presents the simulation results for a flyback-assisted wide input range
inverter to demonstrate the performance and capability of this inverter in generating
the required output waveforms across a wide voltage range of PV systems. First, the

simulation is conducted for 400, which is the nominal voltage of the inverter.
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Figure 3.10: Waveforms of the flyback-assisted inverter (V,, = 400): (a)
Output voltage of the inverter, (b) Output current, (¢) Output voltage of
PV connected a full bridge, (d) Output voltage of capacitor connected a full

bridge, (e) Voltage of capacitor.
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Fig. 3.10 depicts the waveforms of the output voltage, current, and voltage of both
full bridge outputs, along with the voltage of the capacitor. These figures illustrate
that the converter effectively produced the required output voltage and current. The
harmonic spectrum of these waveforms is provided in Fig. 3.11 to demonstrate the
low harmonic content of the output waveforms and the capability of the lower full

bridge to eliminate the harmonics generated by the PV-connected full bridge.
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Figure 3.11: flyback-assisted inverter (V,, = 400): (a) Harmonic spectrum

of the output voltage, (b) Harmonic spectrum of the output current.

Furthermore, the simulation results for the lowest possible voltage of the PV
source, which is 210, are reported in Fig. 3.12. As the plots show, the converter
can still generate a high-quality waveform at its output despite the drop in the PV
voltage. This is primarily due to the assistance of the flyback converter in generating

25% of the required fundamental output voltage through the lower full bridge.
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Figure 3.12: Waveforms of the flyback-assisted inverter (V,, = 210): (a)
Output voltage of the inverter, (b) Output current, (¢) Output voltage of
PV connected full bridge, (d) Output voltage of capacitor connected full
bridge, (e) Voltage of capacitor.
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Additionally, as illustrated in Fig. 3.13, the converter effectively eliminates the
harmonics of the PV-connected full bridge by utilizing the capacitor-connected full
bridge configuration and active filtering. The circuit parameters for both simulations

are identical and are presented in Table 3.1.
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Figure 3.13: Flyback-assisted inverter (V,, = 210): (a) Harmonic spectrum

of the output voltage, (b) Harmonic spectrum of the output current.

To demonstrate the controller’s performance during transient conditions, simu-
lation results are provided for the scenario that the voltage of the PV system drops
from 350v to 250v, as shown in Fig. 3.14. The waveforms indicate that when the
PV voltage drops, the controller activates the flyback converter, reducing the lower
full bridge capacitor voltage to the desired value. Moreover, after the transient has
passed, the system can successfully generate the required output voltage with the

assistance of the flyback converter.
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Figure 3.14: Waveforms of the flyback-assisted inverter when the V},, drops
from 350v to 250v: (a) Voltage of the PV, (b) Voltage of the lower full bridge

capacitor, (c¢) Output voltage of PV-connected full bridge, (d) Output voltage

of capacitor-connected full bridge, (e) Output voltage of the inverter.
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Table 3.1: System parameters of the flyback-assisted inverter.

Parameter Value

Input voltage Vin 210-500v
Grid voltage Vg 240v
Filter inductance L 1mH
Capacitance C 2mF
Upper full bridge switching frequency fs1 60H =
Lower full bridge switching frequency fs2 60kH z
Flyback Converter switching frequency fsr 60kH z

Table 3.2: Summary of Various Inverter Topologies

No. of | No. of | No. of

Input voltage No. of No. of
Topology Vg HVHF | LVHF | HVLF
range inductors capacitors
switches | switches | switches
Half-Bridge Voltage Swing 120 /
NA 5 0 1 4 5
Inverter [3] Fig. 1.1 60 Hz

The Z-source and
quasi-Z-source inverters NA NA 5 0 0 3-4 4-5
[21] & [22] Fig. 1.2

Two mode inverter [19] 230 /
220-420 9 0 1 2 2
Fig. 1.3 50 Hz
Dual-Buck-Structured
155 /
Buck-Boost Inverters [34] 70-200 4 0 4 6 4
60 Hz
Fig. 1.5
Single-Stage Buck-Boost 230 / 1 Inductor
250-450 4 0 4 2
Inverters [40] Fig. 1.7 60 Hz 1 Transformer
Proposed flyback-assisted 240 / 1 Inductor
210-500 1 4 5 2
inverter 60 Hz 1 Transformer

A comparison is made between the existing topologies and the proposed flyback-
assisted inverter in Table 3.2. It is evident that a reduced count of passive elements

is necessitated by this converter, and a broader span of input voltages can be ac-
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commodated. Furthermore, unlike the majority of topologies, enhanced efficiency is
achieved through the utilization of a blend of low-voltage high-frequency switches

and high-voltage low-frequency switches.

3.4 Summery

The flyback-assisted inverter is introduced in this chapter. The new topology is
created by incorporating the flyback converter into the configuration of the cascaded
full-bridge inverter proposed in the previous chapter. Through this integration, the
lower full bridge is empowered to generate a portion of the fundamental voltage
essential for expanding the voltage swing range of the PV source. Furthermore, a
sophisticated control structure is employed to regulate both the output waveform
and the capacitor voltage. Ultimately, the system’s performance is validated by
presenting simulation results for various input voltages and showcasing the harmonic

characteristics of the output waveforms.
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Wide Input Voltage Range
Cascaded Full-Bridge Converter
with Single Switching Frequency

In section 1.1, various wide input voltage range topologies have been discussed for the
purpose of maximum power point tracking (MPPT) of PV modules. However, these
topologies are subject to certain limitations. To overcome the challenges encountered
by single-stage wide input range inverters, this chapter introduces a novel control

strategy applied to a cascaded H-bridge converter.

The proposed topology consists of two H-bridge converters, with one bridge con-
nected to the power source to generate both active and reactive power output, while
the other bridge is linked to a capacitor for generating reactive power. Within this
configuration, a new control system is implemented, operating in the DQ frame,
thereby facilitating precise control of the active and reactive power for each H-bridge.

This approach ensures efficient power transfer and enhances the overall performance
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of the system.

In addition, the simulation results are provided to demonstrate the system’s capa-
bility to effectively track the maximum power point of PV modules while successfully
addressing the challenges faced by other wide input range inverters. The subsequent
sections of this chapter will delve into the detailed circuit configuration and controller
design of the proposed cascaded H-bridge converter, elucidating the principles behind

the control system in the DQ frame.

4.1 Circuit Configuration

The cascaded multilevel converter topology, as shown in Fig. 4.1, is controlled using
a novel approach discussed in this chapter to address the challenges associated with
varying input voltages in PV applications. Its main objective is to efficiently track
the MPP of the PV system and generate the highest possible power output. The con-
verter achieves this by utilizing two H-bridge converters connected in series, offering

enhanced control and flexibility.

In this circuit, having cells with different DC-link voltage lets the converter gen-
erate a multilevel output voltage waveform, typically five levels in this case. By
providing a high-quality voltage waveform, the converter effectively reduces the pres-
ence of harmonics in the output current, thereby minimizing the need for extensive
filtering at the output stage. This reduction in harmonics simplifies the design and

lowers the cost of the overall system.

The upper H-bridge converter plays a crucial role in the cascaded multilevel con-
verter topology as it serves as the interface between the PV system and the converter,

efficiently processing all the active power generated by the PV panels. This section
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Figure 4.1: Proposed wide input voltage range inverter

of the circuit is responsible for extracting the maximum available power from the PV

system by continuously tracking the MPP.

In addition, the lower full bridge converter is connected to a capacitor and pro-
duces the required reactive power. This capability allows the voltage of the PV system
to swing within a certain range, facilitating the optimal operation of the upper H-
bridge converter during MPPT. The voltage across the capacitor is adjusted based on
the desired voltage swing of the PV system from its nominal voltage. By incorporat-
ing this auxiliary capacitor, the converter effectively expands the operating voltage
range of the first inverter, eliminating the need for a separate DC/DC converter to

achieve the same result.

For the cascaded multilevel converter to function as intended, a novel control
system is necessary. The controller fulfills several crucial objectives. Firstly, it must
be capable of precisely controlling the active power of the upper H-bridge converter,

enabling it to extract the maximum available power from the PV system under varying
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conditions. Secondly, the controller must maintain the voltage of the capacitor in
the lower full bridge at a constant reference value, ensuring stable operation of the
converter. Additionally, the lower full bridge converter must generate the required
reactive power to enable the voltage swing necessary for effective MPPT in the upper
H-bridge converter. The detailed analysis and explanation of each component of the
control system for the cascaded multilevel converter topology will be discussed in the

subsequent sections.

4.2 Control System

The control structure of the system is illustrated in Fig. 4.2. This control structure can
be divided into three main sections. The first section is responsible for generating the
reference voltage for each full bridge based on the active and reactive power required
by the grid. This section ensures that the output voltage of each full bridge is adjusted
accordingly to meet the desired power output. By manipulating the reference voltage,

the system can control the active and reactive power flow.

The second part of the controller focuses on regulating the voltage of the capacitor
in both full bridges. Its primary objective is to maintain a constant voltage of the
capacitor at the reference value. This control mechanism ensures that the voltage
level remains stable and within the desired range, thereby enhancing the overall
performance of the system and allowing the upper full bridge to track the maximum

power point (MPP).

Finally, the third part of the controller is responsible for determining the reactive
power of each full bridge, as well as the active and reactive power of the grid. This

section calculates these parameters based on the desired active power of the full

85



Chapter 4. Cascaded Full-Bridge Converter with Single Switching Frequency

vid
Vid Vig
R Curremt Controller Full bridge Reference vod
lgq Calculatorontroller
> V2q
lgd Vig
Current Reference| '€ ‘eq @ Vg
Calculator DQ ©
ab PLL
PWM
igf
8
Oy Py 55G Ve O |92 a1
LT\ aY 4 ’, 4 ’,

A P N Reactive Power

P Reference Calculator

! P, 1 Inverter 1
+ pv
Pl MPPT Inverter 2

O -0 [
P 1% y S

pv igu
Capacitor Voltage
Regulator PV y
A :[] &
Vea Converter
Vvt —4 | | %

Figure 4.2: Proposed wide input voltage range inverter

bridge connected to the photovoltaic (PV) system. By accurately calculating and
monitoring the active and reactive power, this control mechanism allows for efficient

power management and coordination between the PV system and the grid.

4.2.1 Real and Reactive Power Controller

The proposed converter is grid-connected, so the frequency of the converter is imposed
by the grid. Now, this part of the controller is to generate an appropriate reference
for the converter to control the instantaneous real and reactive power that the system

exchanges with the grid, that is, Ps(t) and Qs(?).

There are two primary methods commonly used for controlling Ps(t) and Qs(?)

in grid-connected systems. The first method is known as voltage-mode control. This
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approach involves adjusting the phase angle and amplitude of the converter’s AC-side
terminal voltage in relation to the grid voltage to regulate the real and reactive power.
By closely matching the amplitude and phase angle of the converter voltage with the
grid voltage, the real and reactive power can be controlled independently. Voltage-
mode control is relatively straightforward and requires only a minimal number of
control loops. However, it lacks a control loop closed on the converter line current,
which can leave the converter susceptible to overcurrent conditions. Consequently,
rapid changes in power commands or faults in the AC system can result in significant

current fluctuations.

To address the limitations of voltage-mode control, another method, known as
current-mode control, is often employed. In current-mode control, a dedicated current-
control scheme is utilized to tightly regulate the converter line current through the
converter’'s AC-side terminal voltage. By adjusting the phase angle and amplitude
of the converter line current in relation to the grid voltage, the real and reactive
power can be controlled. Current-mode control offers several advantages, including
protection against overcurrent conditions, robustness against parameter variations
in the converter and AC system, superior dynamic performance, and higher control

precision.

Considering these advantages, the active and reactive power control for the pro-
posed converter is implemented using current-mode control. The current controller
operates in the dg-frame, where the line current components ¢; and ¢, are controlled
to regulate P, and ()s. However, since the converter is single-phase, an orthogonal
signal generation (OSG) block is necessary to generate the orthogonal component of

the grid current in the af frame [42].

In addition to the current controller and OSG block, there is also a need for a

block that converts the reference voltage generated by the current controller to the
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reference signals for the upper and lower full bridge. This conversion ensures that
the converter operates according to the desired power references. In the subsequent
section, each of these blocks will be discussed in detail, providing a comprehensive

understanding of their functions and operations.

OSG Block

This block is the same as the one that was previously used in the other chapters. The
reason for using this block is that the converter is single-phase, and to implement the
current controller in the D@ frame, the $-axis component must be created using the
OSG block [42]. Similar to what was proposed in section 2.2.3, the $-axis component

can be calculated using the following equation:

iy = —Bos(th +7) (4.1)

where 9 is the angle of the a3/D(@ transformation and:

B=\/I?+12 ~=tan’ (I—q) (4.2)
q [glk

Current Control

The current controller currently employed for this converter is the same as the current
controllers utilized for the proposed converters in the previous chapter. The diagram
of the DQ current controller is depicted in Fig. 2.9. The goal of this converter is to
regulate the converter’s current to control reactive power and maintain the PV source
voltage at the desired reference determined by the MPPT algorithm. This ensures

optimal power generation from the PV system.
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PI compensators can be used to control the D and ) components of the current
separately, as shown in Fig. 2.10. The PI compensator for the D and () axes will be

similar, and their coefficients will be:

L
R

ki =— 4.4
- (4.4)

Where 7; represents a time constant of the controller, and a small value should be
chosen to achieve a fast current control response. However, it should be sufficiently
large so that Tl (the bandwidth of the closed-loop control system) is considerably

smaller than the switching frequency of the converter.

Full Bridge Reference Calculation

As described in the previous section, the reference of the converter is generated using
the current controller and OSG block to inject the desired active and reactive power
into the grid. However, it’s important to note that the output of the current controller
is the reference for the entire converter, not for each individual full bridge. This
section will discuss how the generated reference voltage by the current controller
can be converted into the reference voltage for each full bridge in the DQ (Direct-

Quadrature) frame.

Since the two full bridges are connected in series, the same current passes through
both of them. Therefore, we can establish the following equation to demonstrate the
relationship between the apparent power of each full bridge and the total apparent
power:

Si
—— 4.
Sy (4:5)
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This equation can be expressed in the DQ frame as follows:

P+ 35Q;

' 4.6
o (et gt (4.6

Vig + JUiqg =
here, P; and Q; represent the active and reactive power of the it full bridge, and P,

and ); can be determined using the following equations:
P=P + P (4.7)

Qt = Qg + QL (48)

here, @), and @), correspond to the required reactive power for the grid and induc-

tance, respectively.

In Equation (4.6), the values of v;4 and vy, are the outputs of the current controller
block. This equation implies that if the values of the active and reactive power for
each full bridge, as well as the reactive power of the grid and inductor, are known,
the reference voltage for each full bridge can be calculated. The following section will

discuss how these values can be calculated based on the active power of the upper

full bridge.

4.2.2 Capacitor Voltage Regulator

As mentioned previously, the lower full bridge plays a crucial role in generating the
necessary reactive power to enable the upper full bridge to swing its voltage and
track the maximum power point (MPP). In essence, the lower full bridge acts as a

STATCOM, and it is essential to control the DC link voltage of this full bridge.

The DC link voltage of the full bridge can be regulated by controlling the active

power of the full bridge. By injecting active power into the capacitor, the voltage
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of the capacitor increases, and by extracting active power from the capacitor, its
voltage decreases. Therefore, to maintain the desired DC bus voltage, a feedback
mechanism compares the actual DC bus voltage, denoted as Vp¢, with a reference
command. Based on this comparison, the active power P, is adjusted to ensure that
the net power exchanged with the DC bus capacitor remains at zero. However, the
reactive power ()5 can be controlled independently. The power balance for the lower
full bridge can be formulated as:

C\ dV2.
(E) dt — -Ploss - P27 (49)

dVi,
dt

In Equation 4.9, represents the rate of change of V3., P is the control input,

and P, is the disturbance input.

To facilitate control system analysis, the power balance equation can be linearized

and simplified. By applying the Laplace transformation to the equation, we can

obtain the transfer function G,(s) = %’%i‘;) as:
V2 2 1
Go(s) = els) _ (5) sl (4.10)
Py(s) §

here, V2. (s) and Py(s) represent the Laplace transforms of V2, and Py, respectively.

The time constant 7 is given by:

_ 2LPy,

: (4.11)
3V

where L is a constant, Ps, is the initial value of P, and V5, denotes a specific voltage

value.

Fig. 4.3 illustrates a block diagram of the DC bus voltage controller. The con-

troller begins by comparing V3. with the reference value V3., - The resulting error
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Figure 4.3: DC bus voltage Regulator.

signal is then processed by the compensator K, (s), which generates the command
signal P, . for the real power controller. The real power controller, in turn, regulates

P, to the desired value P, ., while independent control over @), is still achievable.

4.2.3 Reactive Power Reference Calculation

This part of the controller is responsible for generating the reference reactive power
for each full bridge. These values are determined based on the reference active power
for each full bridge. The reference active power for the upper full bridge depends on
the PV system and is determined to extract the maximum power from the system.
The reference active power for the lower full bridge is determined by the capacitor
voltage regulator block to maintain the voltage of the DC link of the full bridge

constant at the reference value.

The grid current can be calculated based on the apparent power and voltage of

the grid using the following equation:

; :Pt+th

4.12
g ‘/g ( )

In this equation, P, and @); represent the total power of the system. Assuming

negligible losses in the system, the total active and reactive power can be calculated
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using the following equations:
Po=P+P=PF, (4.13)

Qi=q+@=Q,+Q (4.14)

As mentioned earlier, the active power references of full bridges are determined
based on the maximum power point tracking (MPPT) and voltage regulation re-
quirements, so P; is a known value. Now, ();, equivalently ¢; and g2, need to be
determined. The optimal choice of ¢; and g, should result in the minimum i, to
minimize losses. Therefore, the goal of this part of the controller is to minimize the
grid current. Based on Equation (4.12), since P, and V, are constant, (); should be

minimized.
For each full bridge, the apparent power can be expressed as:

|Pi 4+ §Qi| = |Si| = [vi] - |44 (4.15)

Using this equation, the voltage of each full bridge can be determined based on the
apparent power of that full bridge and the voltage and apparent power of the grid:

S; S; S;

lv;] = M = | f| = 5] (4.16)
|Zi| Pi+iQ: Sg
Vg Vg

Finally, the ratio of the apparent power of each full bridge to the grid is equal to the
ratio of the voltage of the full bridge to the grid:

[1Sil _ vil
1Sgl [vg

(4.17)

In Equation (4.17), v; represents the output voltage of the i-th inverter. As known,

the output voltage of the full bridge converter is given by:
Vi = my; X VDC’ (418)
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where m; is the reference modulation signal of the full bridge and is between -1 and 1.
By substituting Equation (4.17) into Equation (4.18), the following equation is ob-

tained:
1S Imi x Vpe| — |my| x |[Vpcl

= |mil Vi
- - - 1
|Sg| |Ug| |Ug|

|Ug|

(4.19)

Since the ratio of the DC bus voltage of each converter to the voltage of the grid is
constant, if this constant ratio is defined as k;, and since m; is between -1 and 1, the

ratio of the apparent power should be equal to or less than k;:

‘| ‘ — ‘m | X \‘|/DC|" |S|
al ’ K = 8 <k 4.20
Wocl _p, S = (4:20)

Using this equation, the maximum reactive power that each full bridge converter

can generate or consume can be found as follows:

Si
o1 <k I+ < 1)) (4.21)

g
gl < (i 1S,])2 = Il (4.22)
o] = /(K - 1S41) = a2 (4.23)

The total reactive power is equal to the summation of the reactive power of each full
bridge, which is equal to the summation of the reactive power of the grid and the

inductor, as shown here:

Y a=Q,+Qs (4.24)
=1

Since the reactive power of each full bridge has a maximum value as mentioned in

Equation (4.23), the following equation can be written:

|Qg+@L|<Z¢ 18,7~ Inif? (4.25)
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To minimize ()4, the maximum value of this expression should be minimized. Thus,

the value of i, can be minimized if S, is found, which minimizes the following value:

\/(kl +8y)" = vt + \/(kz Sy =P — Qr (4.26)

In conclusion, this part of the controller aims to minimize the grid current by
determining the optimal reactive power for each full bridge. This goal can be archived
by finding the S, which minimizes the (4.26). Finally after finding the S, the value
of the ¢; and g2 can be calculated using the (4.17).

4.3 Simulation results

Simulation results are presented in this section, showcasing the performance and
capability of a single switching frequency cascaded full-bridge converter in generating
the necessary output waveforms across a broad voltage range of PV systems. In the
initial phase, the simulation is executed at the nominal inverter voltage of 400. The
waveforms of output voltage, current, the voltage of both full bridge outputs, and
capacitor voltage are portrayed in Fig. 4.4. These visual representations indicate the
successful generation of the requisite output voltage and current. Fig. 4.5 displays the
harmonic spectrum of these waveforms, underscoring the minimal harmonic content
of the output waveforms and the converter’s proficiency in producing the needed

output voltage and current.

Furthermore, simulation outcomes for the minimum attainable voltage (220 V) of
the PV source are exhibited in Fig.4.6. As depicted by the diagrams, a high-quality
waveform can still be generated at the output by the converter, despite the decline
in PV voltage. Fig.4.7 showcases the harmonics of the output waveforms, and once
again, the harmonic content using this converter is low, even for the lowest range
of PV voltage. The circuit parameters remain uniform for both simulations and are

outlined in Table 4.1.
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Figure 4.4: Waveforms of cascaded full-bridge converter with single switch-

ing frequency (V,, = 400): (a) Output voltage of the inverter, (b) Output

current, (c) Output voltage of PV connected full bridge, (d) Output voltage

of capacitor connected full bridge, (e) Voltage of capacitor.
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Figure 4.5: Cascaded full-bridge converter with single switching frequency

(Vpw = 400): (a) Harmonic spectrum of the output voltage, (b) Harmonic

spectrum of the output current.

Table 4.1: System parameters of the Cascaded full-bridge converter with

single switching frequency.

Parameter ~ Value
Input voltage % 220-500v
Grid voltage Vy 240v
Filter inductance L omH
Capacitance C 2.5mF
Switching frequency fs2 30kH z
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Figure 4.6: Waveforms of cascaded full-bridge converter with single switch-
ing frequency (V,, = 220): (a) Output voltage of the inverter, (b) Output
current, (c¢) Output voltage of PV connected full bridge, (d) Output voltage

of capacitor connected full bridge, (e) Voltage of capacitor.
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Figure 4.7: Cascaded full-bridge converter with single switching frequency
(Viw = 220): (a) Harmonic spectrum of the output voltage, (b) Harmonic

spectrum of the output current.

A thorough comparison has been conducted between the current topologies and
the proposed cascaded full-bridge converter using a single switching frequency, as
depicted in Table 4.2. It is evident that this converter necessitates fewer passive
components, resulting in a greater power density for the converter. Moreover, this
converter demonstrates the ability to handle a wider range of input voltages, thus

significantly improving its suitability for implementation in PV systems.
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Table 4.2: Summary of Various Inverter Topologies

No. of | No. of | No. of

Input voltage No. of No. of
Topology Vg HVHF | LVHF | HVLF
range inductors capacitors
switches | switches | switches
Half-Bridge Voltage Swing 120
NA / 5 0 1 4 5
Inverter [3] Fig. 1.1 60 Hz

The Z-source and

quasi-Z-source inverters NA NA 5 0 0 3-4 4-5
[21] & [22] Fig. 1.2
Two mode inverter [19] 230 /
220-420 9 0 1 2 2
Fig. 1.3 50 Hz
Dual-Buck-Structured
155 /
Buck-Boost Inverters [34] 70-200 4 0 4 6 4
60 Hz
Fig. 1.5
Single-Stage Buck-Boost 230 / 1 Inductor
250-450 4 0 4 2
Inverters [40] Fig. 1.7 60 Hz 1 Transformer
Proposed cascaded
240 /
full-bridge converter with 220-500 8 0 0 1 2
60 Hz

single switching frequency

4.4 Summery

This chapter proposes a cascaded full-bridge converter with a single switching fre-
quency. It utilizes a new control algorithm to independently regulate the power of
each full bridge, aiming to achieve desired output waveforms. This converter is capa-
ble of operating across a wide range of input voltages, comparable to the converter
introduced in the previous chapter. However, the number of components is reduced to
achieve a higher power density. Finally, simulation results are provided for both the
nominal voltage of the inverter and the lowest operating voltage of the inverter. These
results demonstrate the converter’s ability to operate within these voltage ranges and

generate the desired waveforms.
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Summary and Future Work

5.1 Summary of Contributions

This thesis proposes four new extended input voltage range inverters for PV systems.
These inverters enable the voltage of the PV system to vary to track their Maximum
Power Point (MPP). The main contributions of these new topologies and the conclu-

sions of this thesis are summarized below.

(i) Two new hybrid cascaded topologies capable of operating within wide input
voltage ranges are proposed in the second chapter. The efficiency of these invert-
ers is improved by operating the PV-connected converter at a low frequency and
high voltage, and the capacitor-connected full bridge at a high frequency and
low voltage. Additionally, a D@ current controller for this single-phase inverter
is implemented, allowing the converter to track the Maximum Power Point
(MPP). Finally, the active filtering implemented using the lower full bridge re-

sults in output waveforms with low harmonics.
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(i)

(iii)

A Flyback-associated converter is then proposed to further increase the input
voltage range of the converter, allowing the PV voltage to swing within a wider
range. This goal is achieved by incorporating a flyback converter that enables
the lower full bridge to generate 25% of the output fundamental voltage in
addition to its task of harmonics removal. The sophisticated D@ current con-
troller is once again employed for this single-phase inverter to enable MPP
tracking. Furthermore, the controller calculates the required modulation angle
of the PV-connected full bridge to generate the necessary fundamental voltage.
Lastly, voltage control of the capacitor connected to the lower full bridge is
managed by either the full bridge itself or the flyback, depending on the cir-

cuit’s conditions.

In Chapter Four, a cascaded full-bridge converter with a single switching fre-
quency is proposed. This converter is capable of operating across a wide voltage
range while utilizing a lower number of components, leading to a higher power
density of the topology. To achieve this objective, a new control scheme is im-
plemented, allowing independent power control for each full bridge. With the

application of this control scheme, the output waveforms have low harmonics.

The proposed converters have fewer passive components compared to the ex-
isting topologies, primarily due to the active filtering within the system. Fur-
thermore, the converters do not require stored energy to operate across a wide
range of input voltages. These factors contribute to a reduction in cost and an

increase in power density.

Accurate control of each converter is achieved by utilizing sophisticated control
mechanisms for each of them. All the converters are equipped with a current
controller in the D@ frame to enable them to track the MPP. Additionally, each

converter includes other components, such as the capacitor voltage regulator,
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modulation angle calculator, and full bridge reference calculator, which allow

it to operate as intended.

5.2 Suggested Future Work

There are several directions that this research can be taken to; some of the most

promising ones are suggested as follows:

(i) This thesis introduced new wide-input voltage range inverters for PV systems.
For the subsequent stage of research, it is suggested to explore the replacement
of capacitors in the topologies with battery storage and conduct a study re-

garding the connection of the inverter to Islanded Loads.

(ii) All the topologies proposed in this thesis are single-phase inverters. As a log-
ical progression, investigating the extension of these topologies to three-phase

systems could be a valuable avenue for future research.

(iii) In the T-type converter, « is considered constant, and J is utilized as a con-
troller to adjust the fundamental output voltage. In the next phase of research,
optimization can be conducted to determine the optimal values for each of these
parameters, aiming to minimize the required capacitor voltage and further re-

duce the blocking voltage across the switches in the full bridge.
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Appendix A

Loss and Cost Comparison of
IGBT and MOSFET in High
Voltage Low Frequency
Applications

In this thesis, high voltage low-frequency full bridges and T-type converters are built
using IGBTs. Here, it is explained why using IGBTs instead of MOSFETSs for these
applications can result in reducing losses and the overall construction cost of the

converter.

The converters proposed in this thesis will typically be used for small-scale ap-
plications in PV systems, approximately around 1£W. In addition, these converters
can operate until the PV voltage equals 500v. Therefore, in choosing the switches, a
blocking voltage of 600v is required to provide a 20% safety margin, and since the grid

voltage in this application is 240v, the current rating of the chosen switches should
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be around 5A. Based on these requirements, IGBTs and MOSFETS are selected, and

the losses for each one are calculated in the following section.

A.1 Loss Calculation for MOSFET

The switching loss of the MOSFET can be divided into four main parts: conduction
loss, crossover loss, gate loss, and output capacitance losses. The conduction loss
is due to the resistive behavior of the switch when it is on. Gate loss and output
capacitance losses occur due to the discharging of the MOSFET’s capacitors in the
semiconductor channel during switching. Crossover loss refers to the power dissipa-
tion that occurs during the transition period when a MOSFET is switching from the
ON state to the OFF state or vice versa. During this transition, both voltage and
current are not at their ideal levels, leading to power losses in the form of heat. The

equation for calculating the total loss is as follows:

Pioss = Pooss + Paate + Peona + Pco (A1)
where:
Peoss = 3 Conthy o (A2)
Pyate = VgoQg fouw (A.3)
Peond = Rpsonl s (A.4)
Poo = ! D(on)VDDfSWM + 1]D(off)vff)/?)fSVVM (A.5)

2 IDriver(H—L) 2 IDriver(L—H)

In (A.5), the value Ipviver(H—1), IDriver(L—H), and Qgs2 can be calculated using the

following equations:

Vor — (v + 1
[Driver(L—H) =2 (thh 0/9) (AG)
g
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Vin + [
IDriver(HfL) == (thR—M (A7)
g
Ras2 = 0.5Qcs (A.8)

As mentioned earlier, based on the operating conditions of the converter, there
is a need for switches with a blocking voltage of 600V and a current rating of 5A.
Therefore, the IPA60R360CFD7 MOSFET is chosen for this application. The param-
eters of this switch used in the calculation of the switching loss, as per the datasheet,
are listed in Table. A.1. Using these parameters, the losses of this MOSFET can be

calculated as follows:

Pross = 825 X 107°w,  Pyage = 8.4 x 105w

(A.9)
P.ona = 3.87Tw, Ppo = 3.15 x 1073w
So, the total power loss of this MOSFET is:
Pioss.mosrer = 3.9w (A.10)

Table A.1: Parameters of the IPA60R360CFD7 MOSFET.

Parameter Qgs Qap Vin ¢ R, Coss Qg  Rpson Vs

Value AnC 4nC 4V 10 11.6Q2 11pF 14nC 0.48Q 10V

A.2 Loss Calculation for IGBT

The switching loss of the IGBT can be divided into two main parts: switching loss
and conduction loss. Conduction loss occurs when the IGBT is in its on state, leading

to resistive behavior that results in power dissipation. This loss is a consequence of
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the voltage drop across the IGBT and the current flowing through it, generating heat
in the process. On the other hand, switching loss is incurred during the transition
between on and off states, primarily due to the time it takes for the device to change
states. During this transition, there is a period when both voltage and current are
simultaneously high, leading to a brief but significant spike in power dissipation. The

following equations show how to calculate these losses:
Ploss = Feond T Psw (A]-]-)

Pcond = ‘/ceO : [c,avg + 7 [2 (A12)

c,rms

VDC [peak

Psw - (Eon,t + Eoff,t) : : fsw <A13)

VDC,test [Ltest

Once more, considering the operating requirements of the converter, it is necessary
to have switches capable of handling a blocking voltage of 600V and a current rating
of 5A. Consequently, the IKDO3N60RFA IGBT has been selected for this application.
The parameters of this switch used in the calculation of the switching loss, as per the
datasheet, are listed in Table. A.2. Using these parameters, the losses of this IGBT

can be calculated as follows:

Poona = 2.24w, Py, =9.5 x 103w (A.14)

So, the total power loss of this IGBT is:

Pios 1681 = 2.25W0 (A.15)

Table A.2: Parameters of the IKDO3N60RFA IGBT.

Parameter Te Eon,t Eoff,t VDC,test [I,test

Value 0.280Q2 0.0bmJ 0.04mJ  400v 4A
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A.3 Comparison

Table. A.3 summarizes the cost and loss for each selected switch. As can be seen
from the results, the IGBT has lower losses and costs in comparison to the MOSFET
for high voltage operation and low switching frequency. This result establishes the
IGBT as the better choice for integration into the proposed converters in this thesis.
Its advantageous combination of reduced loss and lower cost makes it an optimal

selection to achieve the project’s objectives.

Table A.3: Comparison of IGBT and MOSFET for high voltage operation

and low switching frequency.

Pross Cost

MOSFET (IPA60R360CFD7) 3.9w  $4.05
IGBT (IKDO3N60RFA)  2.25w $1.6
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