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OZET

SEBEKEYE BAGLI SISTEMLER iCiN QUASI-Z KAYNAK ENTEGRELI COK
SEVIYELI EVIRICIi TASARIMI VE SIMULASYONU
Cagatay Deniz IRMAK
Yiiksek Lisans, Elektrik-Elektronik Miihendisligi Anabilim Dali
Danisman: Dog. Dr. Tahsin KOROGLU
Agustos 2024, 82 sayfa

Bu tez, sebekeye bagl tek fazli bir sistemde quasi-z-kaynak entegreli bes seviyeli evirici‘nin
(QZKE) uygulamasina odaklanmakta ve dnerilen yapinin DC kaynak olarak bir yakit hiicresi
ile araylizlendiginde ¢alismasi incelemektedir. Minimum anahtar sayisina sahip QZKE, DC
kaynak, sebeke ve ¢esitli yiikler arasinda gii¢ akisini yetkin bir sekilde yoneterek sebekeye bagl

uygulamalar i¢in dikkat ¢ekici bir ¢dziim sunmaktadir.

Modelleme yaklasimi, QZKE sisteminin dinamik davranisini analiz etmek icin
MATLAB/Simulink kullanilarak yapilan detayli simiilasyon ¢aligsmalarini icermektedir. Bu tez,
QZKE ile yiik degisimleri arasindaki etkilesimi c¢esitli calisma kosullarinda ayrintili ve
derinlemesine incelemektedir. Simiilasyonlar, yakit hiicresi giiciiniin altinda veya tlizerindeki
yuk kosullarini igeren ve sistemin yalnizca sebeke ya da evirici modunda calistigi farkli caligma
modlarmi kapsamaktadir. QZKE'nin verimlilik ve gerilim diizenleme ac¢isindan performansi,

degisken yiik durumlari ele alinarak degerlendirilmistir.

Bu detayl inceleme ile QZKE teknolojisinin gercek diinyadaki gii¢c yonetimi performansini
yiiksek dogrulukla degerlendirmesi saglanmaktadir. Bu tez, yenilenebilir enerji kaynaklarinin
entegrasyonu ve sebeke destegi potansiyelini gostererek QZKE teknolojisinin genel bakigina
onemli bir katki sunmaktadir. Onerilen sistem konfigiirasyonunun uygulanabilir ve etkili
oldugu, QZSI'nin degisken yiik kosullar1 altinda ytiksek verimlilik ve diisiik THD sagladig:

simiilasyon sonuclartyla ortaya konulmustur.

Anahtar Kelimeler: Quasi-Z kaynak eviricisi (QZKE), Cok seviyeli evirici, Yakit hiicresi

entegrasyonu, Sebekeye bagli evirici



ABSTRACT

DESIGN AND SIMULATION OF QUASI-Z SOURCE INTEGRATED MULTILEVEL
INVERTER FOR GRID CONNECTED SYSTEMS
Cagatay Deniz IRMAK

M.Sc., Department of Electrical and Electronic Engineering
Supervisor: Assoc. Prof. Dr. Tahsin KOROGLU

August 2024, 82 pages

This thesis focuses on implementing a quasi-z-source integrated five-level inverter (QZSI) in a
grid-connected single-phase system, specifically examining its operation when interfaced with
a fuel cell as the DC source. QZSI, with its minimal switch count, presents an attractive solution
for grid-tied applications by proficiently managing the power flow between the DC source, grid,

and various loads.

The modeling approach includes detailed simulation studies using MATLAB/Simulink to
analyze the dynamic behavior of the QZSI system. This thesis thoroughly investigates the
interaction between the QZSI and load variations under different operating conditions.
Simulations cover scenarios where the fuel cell power is either below or above the load
conditions, and when the system operates solely in the grid mode or in the inverter mode. The
performance of the QZSI in terms of efficiency and voltage regulation was evaluated by

considering variable load conditions.

This detailed examination allows for an accurate assessment of the real-world power
management performance of QZSI technology. This thesis contributes significantly to the
overall understanding of QZSI technology by demonstrating its potential for integrating
renewable energy sources and providing grid support. Simulation results show that the proposed
system configuration is feasible and effective, with the QZSI delivering a high efficiency and

low THD under varying load conditions.

Keywords: Quasi-Z-source inverter (QZSI), Multilevel inverter, Fuel cell integration, Grid-

connected inverter
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1. INTRODUCTION

The increasing global demand for renewable energy sources demands a solution, which is
expected to be the development of power conversion technologies mainly through its
integration with existing electrical grids. The attention paid to Quasi-Z source inverters is
tremendous in this regard, as they are part of these emerging technologies. Its ability to handle
levels of input voltage is significantly wide thus offering flexible control of the flow of power.
Unlike conventional inverters, QZSIs employ impedance networks with fewer passive

components, thereby efficiently reducing cost, size and complexity.

Given this circumstance, the need to investigate the application of QZSIs in grid-connected
single-phase systems with fuel cells as a DC power source motivated this research. Because
fuel cells offer both a sustainable and transparent replacement for conventional power sources,
they could serve as a viable option in stationary and portable power-generation applications.
However, the integration of fuel cells into grid-connected systems could, be problematic

because of their power-conversion control and grid synchronization.

The promising characteristics of QZSIs, paired with their operation capability in both buck and
boost modes, overcome the challenges of conventional inverters. Thus, it realizes the
transparent integration of fuel cells into the grid. Owing to its inherent capabilities, efficient
management of the power flow between the grid, fuel cell, and loads can be achieved, ultimately

providing reliability, stability, and grid compliance.

However, new issues have been introduced by new integrated sources of renewable energy,
such as fuel cells. These include complications in the power conversion, grid synchronization
and control. The expected result is the inability of some traditional inverters to offer the
flexibility and efficiency needed for proper seamless integration, particularly in single-phase
applications. This circumstance, necessitates further research on advanced power conversion
technologies to address the challenges faced in the realization of the most effective way to

utilize renewable energy sources.



The lack of literature regarding the applications of Quasi-Z source multi-level inverters (QZSIs)
specifically in grid-connected single-phase systems, especially with fuel cells as the DC source
of power, forms the motivation and subject of this thesis. Currently, the available literature only
addresses three-phase QZSI systems, thus leaving a gap in our understanding of the feasibility

and performance of QZSIs in single-phase configurations [1].

Therefore, this study will assist in filling the gap in the current literature and research on the
performance of these systems within grid-connected environments, with a particular focus on
single-phase operation and fuel cell integration. Thus, this research aims to conduct an in-depth
simulation study of the QZSI under different operating conditions and load scenarios using
Simulink to display and validate the dynamic behavior. The results and conclusions could
further help develop QZSI technology and provide it for real applications in actual renewable

energy systems. The main objectives of this research are as follows:

Model Development: A detailed simulation model of a single-phase QZSI system integrated
with a fuel cell and grid connection will be developed using Simulink.

Performance Analysis: Evaluate the dynamic behavior and performance of the QZSI system
under varied operating conditions, including different loading conditions and grid disturbances.
Stability Assessment: Analyze the stability and grid synchronization capability of the QZSI
system, particularly when it is subjected to a change in load demand and grid conditions.
Efficiency Assessment: Carry out the efficiency and energy conversion performance
evaluation of the QZSI system, concerning power losses and voltage regulation, given the
effects of harmonic distortion.

Grid Interaction: The interaction of QZSI systems, a fuel cell, and the grid is outlined relative

to power flow control, voltage regulation, and grid support functions.

The latter will fulfill the beforementioned objectives for the QZSI technology furtherance as
well as gain valuable insight into its potential application within grid-connected single-phase
systems using renewable sources of energy. The data and findings gained from this study should
enable further development of power conversion solutions for a reliable and efficient integration

into energy sustainability.



1.1. Inverters

Inverters play a crucial role in power conversion systems, as they convert direct current (DC)
into alternating current (AC) through a process known as switching. The conversion of power
is used for various applications, from household appliances to industrial drives, as well as in
renewable energy systems. Therefore, several types of inverters are designed that satisfy the
specific requirements which use different modulation techniques to ensure controlled and

efficient power conversion.

1.1.1. Working Principles of Inverters

The basic function of an inverter is to produce an AC output from a DC input. This is done by
rapidly switching semiconductor devices on and off, for example IGBTs (Insulated Gate
Bipolar Transistors) or MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistors), a
control circuit, as well as passive components like inductors and capacitors. During this rapid
but precise switching sequence, voltage pulses are produced. After proper filtering, for which
passive components tailored to the inverter’s needs are employed to remove high-frequency
components, the voltage pulses are shaped into smooth sinusoidal waveforms suitable for AC
loads. As mentioned before, an inverter’s implementation and design can vary significantly
based on its intended function and application. The main differences, however, lie in their input
and output characteristics, modulation methods and control strategies [2].

The control circuit in an inverter is responsible for the generation of appropriate switching
signals based on the desired frequency and output voltage. To enhance the performance of the
inverter, advanced control algorithms are often implemented. These can, for example, maintain
a constant output under varying load conditions and additionally minimize power losses. These
control strategies are a crucial factor for an efficient and stable inverter operation, particularly

in applications in which precise power control is necessary.

In order to monitor current and output voltage, feedback mechanisms are commonly integrated
into inverter systems. These mechanisms are used to dynamically adjust the switching patterns,
thus ensuring a stable output that remains within the desired parameters. Proportional-Integral
(PI) controllers are often utilized in the feedback loop to regulate the output [3]. As they provide

continuous adjustment to the inverter’s operation, optimal performance can be maintained.
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In summary, the working principle of inverters involves a rapid, but controlled, switching of
semiconductor devices to convert direct current (DC) into alternating current (AC). With the
use of additional filtering and feedback mechanisms, a stable and high-quality output is ensured.
These techniques are essential for the efficient operation of inverters in various applications in
need of precise and reliable power conversion, ranging from industrial motor drives to

renewable energy systems.

1.1.2. Types of Inverters
Inverters can generally be divided into different types based on their configurations and
applications, as well as how each type stores and manages energy. Additionally, they can be

differentiated based on their specific applications and operational characteristics.

A common type of inverter is the Voltage Source Inverter, VSI for short. It stores energy via
capacitors, thus providing a constant voltage output. For this reason, VSls are frequently used
in applications requiring a stable voltage, such as uninterruptible power supplies (UPS) and
grid-tied renewable energy systems. Although simple yet effective, according to [4], they
potentially lack the effectiveness and ability to boost the voltage.

Another common type is the Current Source Inverter (CSI). This inverter type stores energy
through inductors, providing a constant output current. This makes it suitable for sensitive
operations and applications that require precise current control, such as motor drives and
industrial processes. The large inductors required for CSIs make them typically more complex
and bulkier than VSIs [5].

Multilevel inverters represent another important category of inverters. These inverters, by using
multiple voltage levels, can produce a high-quality AC output with reduces harmonic distortion
and can thus achieve better performance and efficiency. This characteristic makes them
particularly beneficial for high-power applications such as high-power industrial drives, as well
as large scale renewable energy installations [6]. These inverters, however, require more

complex control and a higher amount of components [7].
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1.1.3. Modulation Methods
The modulation techniques used by inverters are crucial for their efficiency and performance.
These methods are responsible for regulating the switching of semiconductor devices to achieve
the desired frequency and output voltage, while at the same time minimizing harmonic

distortion.

A common technique is Pulse Width Modulation (PWM). This technique’s ability to vary the
width of the voltage pulses allows it to efficiently control the output voltage and frequency.
PWM compares a reference signal with a high-frequency triangular carrier signal, with the
points at which the two signals intersect determining the switching instant of the semiconductor

devices.

Another commonly used technique, The Sinusoidal Pulse Width Modulation (SPWM) simply,
yet effectively, controls the output voltage and minimizes harmonic distortion. It achieves so
by following a similar pattern as PWM, but this time comparing a sinusoidal reference signal
representing the desired AC output to the triangular carrier signal which sets the switching
frequency [8]. This method allows for precise control over the output of the inverter and is
particularly effective at reducing the total harmonic distortion (THD) in the output waveform.
This results in cleaner and more stable AC supply.

The Space Vector Pulse Width Modulation (SVPWM), one of more advanced technigues,
offers improved performance as it optimizes the switching sequence of the inverter, resulting
in lower switching losses, higher output voltage, minimizing harmonic distortion and improving
efficiency. This modulation involves representing the three-phase voltage as vectors in a two-
dimensional plane and determining the switching states which would best approximate the
desired output vector. SVPWM’s ability of achieving better utilization of the DC bus voltage
results in higher output voltage compared to SPWM. This is particularly advantageous in three-

phase inverters, providing a smoother and more efficient operation.

The Hysteresis Band Current Control (HBCC) is a modulation method that maintains the output
current within a pre-defined hysteresis band around the reference current. The inverter’s

switches are controlled in order to keep the current within this band, providing a good current
3)



regulation and a fast dynamic response. The switching frequency can vary, however, leading to
increased electromagnetic interference (EMI) and potentially to challenged in filter design.
Nevertheless, HBSS is often used despite these challenges in application that require precise

current control, such as active power filter and motor drives.

Another modulation method is the Pulse Amplitude Modulation (PAM). It involves varying the
amplitude of the pulses according to the amplitude of the reference signal. PAM adjusts the
height of the pulses, unlike PWM, which adjusts the pulse width. This may make it simpler, but
less effective in reducing harmonic distortion compared to other PWM techniques. Due to its
higher THD and lower efficiency, it is not used as commonly in modern inverter designs but

can still be found in specific low-cost applications in which simplicity is prioritized.

Delta Modulation (DM) uses the error between the reference signal and the output signal to
generate switching pulses. This results in a modulated output that closely follows the reference
signal. This method offers simplicity in implementation, yet high dynamic performance. It can,
however, suffer from high switching losses and noise. It is particularly suitable for applications
that require a rapid response to changes in reference signal, such as certain types of power

converters or dynamic voltage restorers.

In order to ensure effective control of inverters, modulation methods are essential. Techniques
like SPWM, SVPWM, HBCC, PAM and DM have their own unique applications and
(dis)advantages. SPWM remains the most widely used due to its simplicity and effectiveness
in the reduction of harmonic distortion. More advances methods such as SVPWM, however,

offer a more improved performance in specific applications.

Additionally to these types and methods, inverters can be designed for special functions. An
example would be grid-tied inverters, which synchronize with the grid to supply excess power
from renewable sources, as well as standalone inverters which operate independently from the
grid to supply power to isolated loads. Several factors, such as the desired efficiency, the
specific requirements and the type of load, influence which modulation technique and inverter

type are chosen for the application.



1.2. Quasi-Z Source
QZSIs are an advanced type of inverter that includes an impedance network consisting of
inductors and capacitors. This enables both buck and boost operation, allowing the converter to

handle a wide range of input voltages without additional components such as transformers.

QZSI is a relatively recent advancement in power electronics that offers unique properties and
advantages over traditional voltage source inverters (VSI) and current source inverters (CSI).
The QZSI topology, first introduced by Fang Zheng Peng in [9], uses a unique impedance
network that enables bidirectional power flow and voltage boost while requiring fewer

components.
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Figure 1.1. QZSI in the PV power generation system in [9].

The impedance network is at the heart of a QZSI and in most cases comprises two inductors
and capacitors interconnected to form a specific configuration. This network allows the inverter
to perform voltage boosting without requiring a bulky and expensive transformer based
solution. QZSI employs this impedance network that can cope well with the varying voltage
level at input, which renders it a compatible option for diverse renewable energy applications

including photovoltaic (PV) systems, wind turbine and fuel cells.

One of the most prominent features available with QZSI is to work in both buck and boost
modes enabling seamless power conversion between different voltage levels. This feature is

particularly useful for grid-connected systems where the input voltage can change on account

7



of fluctuations in renewable energy sources or grid disturbances. The QZSI also features
inherent shoot-through protection to minimize short-circuit fault risks, thus ensuring system

reliability.

The significance of QZSIs in renewable energy systems lies in their ability to overcome many
of the limitations associated with traditional inverters. By providing bidirectional power flow
and voltage boost capabilities, QZSIs enable efficient utilization of renewable energy sources,
grid support functions, and integration with energy storage systems. Furthermore, the simplified
topology of QZSIs results in reduced cost, size, and complexity, making them an attractive
solution for both residential and commercial applications.

Overall, the QZSI represents a significant advancement in power electronics technology with
promising implications for the integration of renewable energy sources into the electrical grid.
Understanding the principles and characteristics of QZSIs is essential for harnessing their full

potential and advancing the development of sustainable energy systems.

1.2.1. Working Principle of QZSlIs
Their unique impedance network causes QZSIs to deliver higher voltage gains and better
efficiency than conventional inverters. Mathematical modeling is the first and most important
issue of designing a QZSI. The state-space equations will be developed to represent dynamical
behavior of the system. These equations consider the unique impedance network in QZSI with
a combination of inductors and capacitors, enabling both buck & boost operations within single

stage power conversion.

The state-space averaging method is commonly used to derive the small-signal model of QZSIs.
This method involves linearizing the nonlinear system equations around an operating point to
obtain a set of linear differential equations that approximate the system's behavior. The state-

space representation of the QZSI can be expressed as:

x(t)=A-x(t)+ B -u(t) 1)
y(@) =C-x(t)+D-u(t) (2)

8



where:
e X(t) represents the state variables, including inductor currents and capacitor voltages.
e u(t) is the input vector, including the input voltage and the control inputs such as the
shoot-through duty cycle.
e y(t) is the output vector, representing the output voltage and current.

e A B, C, and D are matrices that describe the system dynamics [10].

The operation of QZSIs is governed by nonlinear differential equations due to the presence of
the impedance network and the switching actions. These equations can be derived for both the

shoot-through and non-shoot-through states.

During the shoot-through state, the switches are simultaneously turned on, creating a short
circuit through the DC link. The energy stored in the inductors is transferred to the capacitors,

boosting the output voltage. The equations for the shoot-through state are:

diy,

Lo =V, -V, (3)
av , .
Cd_tc:lL—lc (4)

During the non-shoot-through state, the inverters operate normally, and the energy is transferred

from the capacitors to the load. The equations for the non-shoot-through state are:

diy,

L—=
dt

=Vin = V¢ )

ave

dt =1, — ljoaa (6)

The transfer function of the QZSI can be obtained by taking the Laplace transform of the state-

space equations. This provides a frequency-domain representation of the system, which is



useful for control design and stability analysis [11]. The transfer function H(s) of the QZSI can
be expressed as:

H(s) = 2 7

D(s)

Where N(s) and D(s) are the numerator and denominator polynomials, respectively, derived

from the state-space equations [12].

1.2.2. Shoot-Through Control
Shoot-through control in QZSIs is a pivotal strategy that enhances the reliability and protects
the system from short-circuit faults. This method involves the intentional short-circuiting of the
inverter legs, which might seem counterintuitive at first glance. However, this controlled short-
circuiting allows the inductor current to flow freely and charge the capacitors, effectively
boosting the output voltage. The energy stored in the inductors during the shoot-through period
is transferred to the capacitors, which subsequently increases the voltage available at the
inverter's output. This mechanism enables the QZSI to handle a wide range of input voltages
and provides a higher degree of control over the output voltage, making it an efficient and robust

solution for power conversion.

The modulation index control in QZSIs is also crucial for maintaining the desired output voltage
and improving the overall efficiency of the system. The modulation index determines the
amplitude of the output voltage relative to the DC input voltage. By adjusting the modulation
index, the inverter can adapt to variations in the input voltage and load conditions, ensuring
consistent performance. This adaptability is particularly important in applications involving
renewable energy sources, where input voltages can fluctuate significantly. The ability to
dynamically adjust the modulation index allows the QZSI to maintain optimal operation,

minimize power losses, and enhance overall system efficiency.

Furthermore, shoot-through control contributes to the inverter's ability to operate in both buck
and boost modes. In buck mode, the inverter steps down the voltage, while in boost mode, it

steps up the voltage. The seamless transition between these modes is facilitated by the shoot-
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through state, which provides the necessary voltage boost without the need for additional
components like transformers. This capability is essential for applications that require a wide
range of operating voltages, such as photovoltaic systems, fuel cells, and other renewable

energy applications.

In addition to voltage boosting, shoot-through control also improves the inverter's fault
tolerance. Traditional inverters are vulnerable to short-circuit faults that can damage the system
and lead to operational failures. In contrast, the QZSI's inherent shoot-through capability allows
it to safely handle short-circuits by directing the fault current through the shoot-through path,
thereby protecting the inverter's components from damage. This fault-tolerant design enhances
the overall reliability and longevity of the inverter, making it suitable for use in critical

applications where system stability and durability are paramount.

Overall, shoot-through control is a fundamental aspect of QZSI operation, providing significant
benefits in terms of voltage boosting, fault tolerance, and adaptability to varying input
conditions. By integrating shoot-through control with precise modulation index adjustments,
QZSlIs achieve superior performance and efficiency, making them an ideal choice for modern

power conversion applications.

1.3.  Fuel Cells

Fuel cells are electrochemical converts that transform chemical energy into electrical energy
through the reaction of fuel and oxidant. They offer a clean and efficient alternative to
traditional power generation methods. The potential applications span from portable electronics

and vehicles to stationary power generation systems.
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Figure 1.2. Schematic of an individual fuel cell [13].

The most common fuel cells include proton exchange membrane fuel cells (PEMFCs), alkaline
fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs), and
molten carbonate fuel cells (MCFCs). The mentioned types of fuel cells have unique
characteristics in terms of operating temperature, electrolyte material, and fuel compatibility,
allowing for diverse applications across different industries [13],[14],[15],[16],[17]. Fuel cells

can operate on different fuels, including hydrogen, methanol, natural gas, and biogas.

Hydrogen fuel cells, in particular, have garnered significant focus due to their high energy
density, zero emissions, and potential for renewable hydrogen production through electrolysis
using renewable energy sources. In grid-connected systems, fuel cells serve as a reliable and
sustainable DC power source for feeding into inverters for AC power conversion. The DC
output of the fuel cell is typically conditioned and regulated to match the requirements of the
connected loads or grid interface. This role as a DC source is crucial for integrating fuel cells

into renewable energy systems and enabling seamless power conversion and distribution.

The advantages of fuel cells as a DC power source include high efficiency, low emissions,
modularity, and scalability. They offer stable and continuous power output, making them
suitable for both grid-connected and standalone applications, including backup power systems,

12



distributed generation, and microgrids. Furthermore, fuel cells can operate independently of

ambient conditions, providing reliable power generation in remote or harsh environments.

Despite their numerous advantages, fuel cells also face challenges such as high capital costs,
limited infrastructure, and issues related to hydrogen storage and distribution. Research and
development efforts are ongoing to address these challenges and enhance the performance,

reliability, and cost-effectiveness of fuel cell technology.

1.3.1. Types of Fuel Cells

Fuel cells are classified into several types based on the electrolyte used and the operating
temperature, each with unique characteristics:

o Proton Exchange Membrane Fuel Cells (PEMFCs): Operates at low temperatures
and use a polymer electrolyte membrane. Known for high power density and quick start-
up times [13].

o Alkaline Fuel Cells (AFCs): Uses an alkaline electrolyte like potassium hydroxide.
They have high efficiency but are sensitive to CO2 contamination [14].

o Phosphoric Acid Fuel Cells (PAFCs): Operates at moderate temperatures and use
phosphoric acid as the electrolyte. Primarily used in stationary power generation
applications [15].

o Solid Oxide Fuel Cells (SOFCs): Operates at high temperatures and use a solid ceramic
electrolyte. Suitable for high-efficiency power generation [16].

e Molten Carbonate Fuel Cells (MCFCs): Operates at high temperatures and use a
molten carbonate electrolyte. Efficient and can utilize various fuels, including natural
gas and biogas [17].

1.3.2. Working Principle of Fuel Cells
Fuel cells generate electricity through an electrochemical reaction between a fuel, typically
hydrogen, and an oxidant, usually oxygen. This process involves the fuel cell's two primary
components: the anode and the cathode, separated by an electrolyte. At the anode, hydrogen
molecules are split into protons and electrons through a catalytic reaction. The protons pass
through the electrolyte to the cathode, while the electrons travel through an external circuit,

creating an electric current that can be used to power electrical devices.
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At the cathode, the protons and electrons recombine with oxygen molecules in another catalytic
reaction to form water, which is the primary byproduct of the process. Additionally, this
reaction produces heat, which can be utilized in combined heat and power (CHP) systems to

increase overall energy efficiency.

The efficiency of fuel cells is generally higher than traditional combustion-based power
generation methods because they directly convert chemical energy into electrical energy
without the intermediate step of generating heat, which is then converted into mechanical
energy and subsequently into electricity. This direct conversion process minimizes energy
losses, making fuel cells an attractive option for clean energy production.

Fuel cells also offer significant environmental benefits as they produce electricity with low or
zero emissions, depending on the fuel source. When hydrogen is derived from renewable
sources, the entire process can be nearly emission-free, contributing to the reduction of

greenhouse gases and other pollutants.

Moreover, fuel cells are highly scalable, allowing for applications ranging from small portable
devices to large power plants. They can be used in stationary applications, such as backup
power systems and distributed generation, as well as in mobile applications, including fuel cell
vehicles and portable power units. The versatility and environmental benefits of fuel cells make

them a promising technology for meeting future energy demands sustainably.

1.4.  Output Filter Types

To ensure the AC output of an inverter is suitable for grid connection, output filters are
employed to remove high-frequency harmonics and produce a sinusoidal waveform. Different
types of output filters are utilized, each with specific characteristics and advantages. The
primary types of inverter output filters include LC filters, LCL filters, and higher-order filters
such as LCLC and RLC filters.

LC filters are the simplest form of output filters, consisting of an inductor (L) and a capacitor
(C). These filters provide basic low-pass filtering, attenuating high-frequency harmonics

generated by the switching operations of the inverter. The design of LC filters involves selecting
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appropriate values for the inductance and capacitance to achieve the desired cutoff frequency
and attenuation characteristics. However, LC filters may not be sufficient for applications

requiring stringent harmonic suppression due to their limited filtering capabilities [18].

LCL filters are more advanced than LC filters and are widely used in grid-connected inverters.
An LCL filter consists of two inductors (L1 and L2) and a capacitor (C) arranged in an LCL
configuration. This filter type offers superior harmonic attenuation compared to LC filters,
providing significant reduction in total harmonic distortion (THD). The LCL filter's design
involves careful selection of the inductance and capacitance values to balance filtering
performance and system stability. The inclusion of a damping resistor may be necessary to

mitigate resonance issues and ensure stable operation [19].

The LCL filter stage is critical for reducing harmonics in the output of the inverter. An LCL
filter consists of two inductors and a capacitor, which form a low-pass filter to attenuate high-
frequency components. The design of the LCL filter must balance the trade-off between

filtering performance and system stability.

The LCL filter, composed of two inductors and a capacitor, forms a low-pass filter that
effectively reduces the total harmonic distortion (THD) in the output voltage and current. The
design and optimization of the LCL filter are critical to ensuring the stability and efficiency of

the grid-connected inverter system.

Three-phase Bridge

Figure 1.3. General structure of three-phase VSI with LCL-filter in [19].
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LCLC filters incorporate an additional LC stage to further enhance harmonic attenuation. This
configuration consists of two inductors and two capacitors arranged in a specific manner to
form a fourth-order filter. The LCLC filter provides even greater attenuation of high-frequency
harmonics, making it suitable for applications requiring very low THD. The design complexity
of LCLC filters is higher, and careful consideration must be given to the component values and

the potential for resonance issues [20].

RLC filters combine resistors (R), inductors (L), and capacitors (C) to provide comprehensive
filtering capabilities. These filters are particularly effective in reducing both high-frequency
harmonics and resonant peaks. The inclusion of resistors helps to dampen resonance and
improve the stability of the filter. RLC filters are commonly used in applications where both
differential mode and common mode noise need to be mitigated. The design of RLC filters
involves balancing the trade-offs between filtering performance, power loss, and component
cost [21].

Advanced filter designs include variations such as self-tuning filters and envelope-type (E-type)
modules. Self-tuning filters automatically adjust their parameters to track and attenuate
harmonic components effectively, which is beneficial in systems with variable output
frequencies. E-type modules reduce the number of components while maintaining high-quality

output, making them efficient for modular inverter designs [22],[23].

1.5.  Grid Connection

Grid-connected systems involve synchronizing the inverter output with the grid, a process that
demands precise control over the inverter's voltage, frequency, and phase to ensure alignment
with the grid parameters. This synchronization is very important for maintaining the stability
and efficiency of the power supply. In grid-connected mode, the inverter can export excess
power generated by renewable sources, such as solar panels or fuel cells, to the grid, thereby
contributing to the overall energy supply and reducing dependence on fossil fuels. Conversely,
during periods when the renewable energy sources are insufficient to meet the load demand,
the inverter can draw power from the grid to ensure a continuous and reliable power supply to

the connected loads. This bidirectional power flow enhances the flexibility and reliability of the
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energy system, allowing for efficient energy management and optimal utilization of renewable

resources.

1.5.1. Types of Grid Connections for Inverters
Direct grid connection involves connecting the inverter directly to the utility grid. This method
requires the inverter to continuously monitor and adjust its output to match the grid's voltage,
frequency, and phase. The direct connection ensures that any excess power generated by
renewable sources can be immediately fed into the grid. It also allows the system to draw power
from the grid when the renewable sources are insufficient. The primary challenge of direct grid
connection is maintaining synchronization and ensuring that the inverter's output does not

disrupt the grid's stability.

Indirect grid connection typically involves the use of transformers or other intermediary devices
to connect the inverter to the grid. This method can provide isolation between the inverter and
the grid, which enhances safety and reduces the risk of electrical faults. Transformers can also
help match the voltage levels of the inverter output and the grid, ensuring efficient power
transfer. Indirect grid connection is particularly useful in applications where there are
significant differences in voltage levels or where additional protection is required.

Microgrid integration involves connecting the inverter to a localized grid that can operate
independently or in conjunction with the main utility grid. In a microgrid setup, the inverter not
only synchronizes with the main grid but also manages the power flow within the microgrid.
This setup allows for greater control over local energy resources and enhances the resilience of
the power supply. During normal operation, the microgrid can exchange power with the main
grid. However, in case of grid outages, the microgrid can operate in an islanded mode, ensuring

uninterrupted power supply to critical loads.

Hybrid systems combine grid-connected inverters with other energy storage or generation
technologies, such as batteries or diesel generators. In these systems, the inverter not only
manages the synchronization with the grid but also optimizes the use of different energy sources
to ensure a reliable and efficient power supply. For instance, during peak solar generation

periods, excess power can be stored in batteries and later used when solar generation is low.
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Hybrid systems offer a versatile solution for enhancing grid stability and maximizing the use
of renewable energy.

Virtual synchronous generators are advanced inverters that mimic the behavior of traditional
synchronous generators. VSGs can provide inertia to the grid, enhancing its stability and
robustness. By emulating the mechanical properties of conventional generators, VSGs can help
smooth out fluctuations in power supply and support grid frequency regulation. This method is
particularly useful in high-penetration renewable energy systems where maintaining grid

stability is challenging.

1.5.2. Current Control and Synchronization Methods
Current control methods are critical for the efficient and stable operation of grid-connected
inverter systems. These methods ensure that the inverter can accurately regulate the output
current, maintain synchronization with the grid, and respond effectively to varying load
conditions. The main objectives of current control in inverter systems include maintaining the
desired output current waveform, minimizing harmonic distortion, and ensuring robust

operation under different grid and load scenarios.

There are several types of current control methods, each with distinct control strategies and
implementation techniques. One of the simplest and most widely used methods is PI control.
Pl control involves two components: proportional control, which produces an output
proportional to the current error (the difference between the desired and actual current), and
integral control, which produces an output proportional to the integral of the current error. The
proportional component helps reduce the error quickly, while the integral component eliminates
steady-state errors, improving accuracy over time. In grid-connected systems, Pl controllers are
often used in conjunction with DQ transformation to regulate the D and Q components of the

current separately, ensuring precise control of active and reactive power.

The DQ transformation, also known as the Park transformation, is another method for current
control. It simplifies the control of AC currents by converting them from the stationary
reference frame (abc) to a rotating reference frame (dq0), transforming sinusoidal waveforms

into DC quantities. The DQ transformation can be expressed as the following:
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il =l cosoll;

(8)
This transformation involves converting the three-phase currents (la, Ib, and Ic) into two
orthogonal components, Iq4 (direct axis) and lq (Quadrature axis), using a transformation matrix.
The 14 component corresponds to the active power, while the 13 component corresponds to the
reactive power. By independently controlling I4 and Iq, the inverter can effectively manage the
active and reactive power output. The DQ transformation simplifies the control algorithm,
enhances the accuracy and responsiveness of current control, and facilitates decoupled control

of active and reactive power, improving overall system performance and stability.

A Phase-Locked Loop (PLL) is essential for synchronizing the inverter output with the grid.
The PLL ensures that the inverter's output phase matches the grid phase, which is crucial for
stable and efficient grid-connected operation. The PLL detects the phase angle of the grid
voltage and generates a reference signal that aligns the inverter's output phase with the grid. It
consists of a phase detector, a loop filter, and a voltage-controlled oscillator (VCO). The phase
detector compares the grid voltage phase with the inverter's output phase and generates an error
signal. The loop filter processes the error signal and adjusts the VCO to minimize the phase
difference, achieving synchronization. PLL ensures accurate phase synchronization between
the inverter and the grid, improves the quality of power transfer by minimizing phase errors,
and enhances the inverter's ability to respond to grid disturbances and maintain synchronization

under varying conditions. The equation of the used PLL for phase detection:

0(t) = J; wgria(t)d ©)

Hysteresis current control is a feedback control method that maintains the output current within
a predefined hysteresis band around the reference current. The inverter switches are controlled
to keep the current within the hysteresis band, resulting in a near-instantaneous response to
current deviations. This method provides fast dynamic response and precise current regulation,

and it is simple to implement and highly effective for applications requiring tight current
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control. However, the switching frequency can vary, leading to increased electromagnetic
interference (EMI) and challenges in filter design.

1.6. Background and Research Motivation

The increasing utilization of renewable energy sources raises the urgent need for advanced
power conversion technologies. A QZSI bears a number of practical advantages over the
conventional inverters, involving reduced component count, cost and complexity, with flexible

power flow control.

Fuel cells, which provide a clean and efficient DC power source, are promising alternatives for
both stationary and portable power generation applications. Combining fuel cells with QZSlIs
in grid-tied systems would solve the challenges in control and synchronization encountered in

the power conversion process.

1.7.  Objectives of the Thesis

The general objective of this research is to investigate the application of Quasi-Z Source
Inverters (QZSIs) to grid-connected single-phase systems with fuel cells. To achieve this, the
research has several specific objectives. The first objective is model development, which
involves creating a detailed simulation model of a single-phase QZSI system with integrated
fuel cells and grid connection using Simulink. This model will serve as a foundation for
analyzing the system's behavior and performance. The second objective is performance
analysis, where the dynamic behavior and performance of the QZSI system will be investigated
under various operating conditions, including changes in loading conditions and grid
disturbances. This analysis will help us understand how the system responds to different

scenarios.

The third objective is stability assessment, focusing on analyzing the stability and grid
synchronization capability of the QZSI system. Special consideration will be given to changes
in load demand and grid conditions to ensure that the system remains stable and synchronized
with the grid. The fourth objective is efficiency evaluation, which involves analyzing the
efficiency and energy conversion performance of the QZSI system. This includes assessing
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power losses and voltage regulation while accounting for the impact of harmonic distortion on

overall system performance.

Lastly, the fifth objective is grid interaction, where the research will describe the interactions
between the QZSI systems, fuel cells, and the grid. This includes examining power flow control,
voltage regulation, and grid support functions to ensure seamless integration and optimal
performance of the system. Collectively, these objectives aim to provide a comprehensive
understanding of the application of QZSIs in grid-connected single-phase systems with fuel

cells, highlighting their potential benefits and addressing potential challenges.

1.8.  Outline of the Thesis

This thesis is organized into several chapters, each addressing specific aspects of the research
topic. The Introduction chapter provides an overview of the research problem, motivation, and
objectives, outlining the significance of the study and providing a roadmap for the subsequent
chapters. The Literature Review chapter offers a comprehensive review of existing literature
on Quasi-Z Source Inverters (QZSIs), single-phase inverters, grid connections, and fuel cells.
It examines previous research studies, identifies gaps in the literature, and establishes the
theoretical foundation for the research.

The Materials and Methods chapter details the simulation setup using Simulink, including the
development of the QZSI model, the integration of the fuel cell as the DC source, and the
configuration of load scenarios. This chapter explains the simulation procedures used to analyze
the performance of the QZSI system. The Analysis and Discussion chapter presents the
simulation results and parameters. This chapter analyzes the performance of the QZSI system,
focusing on voltage regulation, power flow control, and grid interaction for various load
scenarios and operating conditions. It discusses the implications of the findings and compares
them with theoretical expectations.

The Conclusion chapter summarizes the main findings of the study, highlighting the
contributions to the field of power electronics and renewable energy integration. This chapter

also provides recommendations for further research and concludes the thesis.
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2. LITERATURE REVIEW

QZSIs have garnered significant attention for their unique ability to integrate renewable energy
sources, such as PV panels and fuel cells, into the grid. The QZSI topology is particularly
beneficial for applications requiring single-phase inverters and minimal switching components.
This study aims to comprehensively cover the advancements and research trends in QZSI,
single-phase inverters, and their grid connections, especially focusing on systems using fuel

cells as power sources.

2.1.  Single-Phase Inverters

Single-phase inverters play a crucial role in connecting renewable energy sources, such as PV
panels and fuel cells into the power system on residential level or small commercial
applications. An overview is provided of QZSIs for these applications, emphasizing their
advantages related to the reduced component ratings or continuous input current and improved

power quality [24],[25].

Enhancements in single-phase inverter performance have been achieved through advanced
control technigues and innovative designs. For instance, a hybrid PWM technique has been
proposed to reduce power loss and improve system efficiency by dynamically adjusting the

modulation strategy based on the operating conditions [26].

2.2.  Multilevel Inverters

Multilevel inverters greatly improve power quality due to the voltage levels synthesized from
multiple DC voltage levels, and thus decrease the total harmonic distortion (THD) and improve
efficiency. Modern power systems require these kinds of inverters due to their potential for
handling high voltages and currents. This makes them ideal to integrate renewable energy

resources, such as PV systems and wind turbines, into the grid [27].

Advancements in multilevel inverter technology include various topologies like diode-clamped,
flying capacitor, cascaded H-bridge, and Neutral Point Clamped (NPC) inverters. Diode-
clamped inverters are noted for their simple structure and high-power application effectiveness,

though they require numerous clamping diodes for higher voltage levels [28].
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NPC inverters, utilizing clamping diodes to connect the neutral point to the middle of the DC
bus, produce three voltage levels (positive, zero, and negative). This reduces the voltage stress

on power switches, improves harmonic performance, and enhances system reliability [29].

Control strategies, such as space vector PWM (SVPWM), selective harmonic elimination
(SHE), and multicarrier PWM techniques like phase disposition (PD), phase opposition
disposition (POD), and alternate phase opposition disposition (APOD) are critical for
minimizing switching losses and maintaining voltage balance. These techniques aim to
optimize the inverter's performance under various operating conditions [30]. Recent studies
have explored advanced control methods like model predictive control (MPC) and Al-based

approaches to enhance dynamic response and reliability [31].

Applications of multilevel inverters extend to industrial drives, grid-tied systems, and electric
vehicle (EV) charging stations, where their efficiency and power quality benefits are highly
valued [32]. For instance, cascaded H-bridge inverters are commonly used in large-scale PV
integration due to their modularity and scalability, offering effective power balance and high

efficiency [33].

2.3.  Quasi-Z Source Inverters

QZSIs have evolved from traditional Z-source inverters to address the limitations of
conventional voltage-source and current-source inverters. The QZSI employs a unique
impedance network, comprising inductors and capacitors, to achieve voltage buck-boost
capability in a single-stage power conversion, enhancing the efficiency and reliability of power

systems [34]].

Control strategies for QZSIs are pivotal in maximizing the efficiency and stability of grid-
connected systems. Various studies have explored different control techniques such as sliding
mode control (SMC), adaptive neuro-fuzzy inference systems (ANFIS), and hybrid pulsewidth
modulation (HPWM) to regulate output power and ensure efficient operation under varying
conditions [35],[36],[37].
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2.4.  Fuel Cell-Based Systems

Fuel cells, as a renewable energy source, are increasingly integrated into power systems using
QZSiIs due to their high efficiency and low environmental impact. The QZSI topology's ability
to provide voltage buck-boost in a single stage makes it ideal for fuel cell applications,

enhancing the overall system reliability and performance [38].

2.5.  Grid Connections

Transformerless grid-tied inverters have become popular due to their reduced size, weight, and
cost. The QZSI topology is particularly advantageous for transformerless applications because
it minimizes common-mode leakage currents, a significant issue in grid-connected systems
[39], [40].

Ensuring grid stability and maintaining power quality are critical challenges addressed by
modern QZSIs. Techniques like space vector modulation (SVM) and active power decoupling
have been proposed to improve the dynamic performance and reduce harmonic distortions in
grid-tied systems [41], [42].

2.6. Summary of previous research on similar topics

QZSI have been developed to improve upon traditional Z-source inverters. These inverters are
known for their single-stage power conversion capability, which allows both voltage buck and
boost. The QZSI topology is especially useful in applications involving renewable energy
sources, such as photovoltaic (PV) panels and fuel cells, due to its efficiency and reliability
[43],[44],[45].

Effective control strategies are essential for optimizing the performance of QZSIs, particularly
in grid-connected systems [46]. Single-phase inverters are integral for residential and small

commercial applications, especially when integrating renewable energy sources:

e Non-isolated Semi-Z-source Inverters: These inverters offer lower component ratings
and continuous input current, making them suitable for cost-effective and efficient grid-

connected applications [47].
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o Transformerless Topologies: Designed to reduce leakage current, these topologies are
effective in improving power efficiency and reliability in grid-tied systems [48].

Ensuring efficient grid connection of QZSIs is critical for the stability and reliability of power

systems:

o Leakage Current Reduction: Transformerless QZSI designs focus on minimizing
high-frequency components in common-mode voltage, effectively reducing leakage
current in grid-tied applications [49].

e Dynamic Response and Harmonic Suppression: Techniques such as space vector
modulation and active power decoupling have been developed to enhance dynamic

performance and reduce harmonic distortions in grid-connected systems [50].

2.7.  ldentification of gaps in the existing literature
The current body of research on QZSI, single-phase inverters, and their grid connections
highlights significant advancements and various applications. However, there remain several

gaps that warrant further investigation:

While there have been studies on reducing the size and cost of components in QZSIs, such as
minimizing the impedance network, further research is needed to develop more cost-effective
and compact solutions. This includes optimizing the design to reduce the size of inductors and

capacitors without compromising performance [51].

Dynamic performance and stability of QZSI-based systems, especially under varying grid
conditions, need more in-depth analysis. The transient interactions and potential instabilities in
QZSI-based PV power systems are not well understood and require comprehensive modeling
and simulation [52]. These identified gaps present opportunities for further research to enhance

the efficiency, reliability, and applicability of QZSI technology in modern power systems.
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3. MATERIALS AND METHODS

3.1.  Power Circuit Design

Boost capabilities in a single stage of Quasi-Z Source Inverters (QZSIs) is achieved through a
unique impedance network composed of inductors and capacitors, which allows for continuous
input current and enhanced reliability compared to traditional voltage-source and current-
source inverters [53]. The QZSI is particularly advantageous in applications involving

renewable energy sources such as fuel cells, where the input voltage can vary significantly [54].

The circuit described in this study is a comprehensive power conversion system that integrates
a Fuel Cell stack, a Quasi-Z Source stage, a 3-Level 5-Switch inverter stage, an LCL filter, a
variable load configuration, and finally, the grid connection stage. The stages have been

presented in Figure 3.1.
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Figure 3.1. Representation of the Stages of the Power Circuit

The first stage of the circuit is the Fuel Cell stack, which serves as the primary source of DC
power. Fuel cells generate electricity through an electrochemical reaction between hydrogen
and oxygen, producing DC power with water and heat as byproducts. The fuel cell stack is
designed to provide a stable and continuous DC output, which is essential for subsequent stages

of the power conversion process.

Following the fuel cell stack is the Quasi-Z Source (QZS) stage. The QZS network plays a
critical role in boosting and conditioning the DC voltage from the fuel cell stack. It consists of
passive components such as inductors and capacitors arranged in a unique configuration that

allows for voltage boosting, energy storage, and improved conversion efficiency. The QZS
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stage also provides short-circuit protection and enhances the overall reliability of the system by

mitigating the effects of transient disturbances.

Next, the boosted DC voltage is fed into the 3-Level 5-Switch Inverter stage. This inverter stage
is responsible for converting the DC voltage into a high-quality AC voltage suitable for grid
connection and load supply. The 3-level inverter topology reduces the total harmonic distortion
(THD) of the output waveform, thereby improving power quality. It achieves this by generating
multiple voltage levels through a combination of switches and capacitors, resulting in a closer

approximation to a sinusoidal waveform compared to traditional inverters.

The AC output from the inverter then passes through an LCL filter, which is composed of a
capacitor, resistor and inductors configured to filter out high-frequency harmonics and smooth
the AC waveform. The LCL filter ensures that the inverter's output meets the required power
quality standards for grid connection, reducing electromagnetic interference (EMI) and

protecting sensitive equipment connected to the grid.

Subsequently, the filtered AC power is routed to the variable load configuration. This stage
allows for the connection of different types of loads to the system, simulating various real-
world scenarios. By adjusting the load, the system's performance under different operating
conditions can be analyzed, providing valuable insights into its efficiency, stability, and

adaptability.

Finally, the system interfaces with the grid through the grid connection stage. This stage
includes switches, synchronization mechanisms, and measuring devices that ensure safe
integration with the utility grid. The grid connection stage allows excess power generated by
the fuel cell to be fed into the grid, while also enabling the system to draw power rom the grid

when needed.

This setup is designed to efficiently convert and manage power from the fuel cell to the grid
and various loads. The entire power circuit, including the fuel cell and grid integration, is

depicted in Figure 3.2.
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Figure 3.2. Power Circuit Main Stages

3.1.1. Details of the Quasi-Z Source Stage

The Quasi-Z Source Inverter model consists of an impedance network with two inductors and
two capacitors configured to enable voltage boost operation. The inverter operates in two
primary states: the shoot-through state and the non-shoot-through state. In the shoot-through
state, both switches of a phase leg are turned on, allowing energy to be stored in the inductors
and capacitors, which is then released during the non-shoot-through state to boost the output
voltage [55]. The mathematical model includes detailed equations for these states to ensure
accurate simulation results [56].
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Figure 3.3. QZS Stage
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In the design of the Quasi-Z source inverter, key components such as capacitors (Ci, Cz, Cs,
Cs), inductors (L1, Lo, L3, L4), and diodes are used. The values of these components are selected
based on the required voltage boost, current handling capability, and desired efficiency. The
input voltage (Vin) provided, is expected to fluctuate around 250V with variations between
200V and 250V. For the purpose of calculations, an average input voltage (Vin) of 250V is

assumed.

Given the desired output voltage (Voc) of 380V and a nominal modulation index (M) of 0.12,

the voltage gain (Gv) is determined as follows:

G, =24 =330 _ 157 (10)

Vin 250

The duty cycle (D) is the parameter that controls the amount of time the switch is on relative to
the total switching period. It is related to the modulation index (M), which represents the ratio

of the peak AC voltage to the peak DC voltage. This relationship can be expressed as:
D=1-M=1-012 = 088 (11)

The voltage across the capacitors (Vc) is calculated using:

Ve = = 20— 29 o 379y (12)
2D-1 2x0.88—1 0.76

The current through the inductors (IL) is given by:

— lowt _ 16
I, = =—~133.334 (13)

This indicates the peak current that the inductors must handle. To ensure proper operation, the
ratings for the diodes, inductors, and capacitors must be adequate. The diodes must handle a

peak inverse voltage (Piv) greater than 380V. The inductors must be capable of handling peak
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currents of approximately 133.33A and be sized to prevent saturation. The capacitors must be
able to handle peak voltages of around 329V and have sufficient capacitance to minimize

voltage ripple.

The capacitance C required to minimize voltage ripple can be estimated by:

_ Iout XD
C = A (14)

where 4V is the allowable voltage ripple, and fs is the switching frequency. Assuming an
allowable voltage ripple of 1% of the output voltage (3.8V):

_ 16x0.88
T 3.8x10%

~ 370uF (15)

The inductance L needed to limit current ripple can be estimated by:

VinXD
L=3r (16)

where 41 is the allowable current ripple. Assuming an allowable current ripple of 10% of the

output current (1.6A):

L =228 13.75mH (17)

1.6x10%

The design of the Quasi-Z source inverter involves the careful selection of inductors and
capacitors to achieve the desired voltage boost and efficiency. The provided equations aid in

determining the appropriate component values to ensure reliable operation of the inverter.

During the shoot-through state, both switches are turned on, allowing energy to be stored in the
inductors L1 and L2, while capacitors C1 and C» provide voltage boosting. The relations for

voltages during the shoot-through state are given by:
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Vii = Vin + V2 (18)
VLZ = VCI (19)
VDC =0 (20)

In the non-shoot-through state, the inductors discharge their stored energy to the capacitors, and
the following voltage relations hold:

Vit = Vin—=Veu (21)
Vg = =V (22)
Voe = Ver + Vea (23)

The voltages across the capacitors C, and C> are determined by the duty cycle D of the shoot-

through state, calculated as:

VCl - TlTTO X Vi (24)
T
Vea = TITOTO X Vin (25)

Where To and Ti are the durations of the shoot-through and non-shoot-through states,

respectively. The output DC voltage is then given by:

Vpe = (26)

1-2D
These equations are adapted to reflect the specific characteristics and design of the QZSI

system, based on the general principles outlined in the reference literature.

3.1.2. Details of the 5 Switch Inverter Stage
The design and implementation of a five-switch multilevel inverter are elaborated upon in this
section. The primary goal of this inverter model is to convert a 380Vpc input to a 230Vimsac

output suitable for grid applications, with a maximum output current of 35A, limited by the fuel
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cell power capabilities. The design employs MOSFETS as the switching elements, utilizing a
high-frequency PWM technique to achieve high efficiency and low harmonic distortion.

The inverter is designed with specific operational parameters in mind. The input voltage is
maintained at 380Vpc, while the desired output voltage is 230Vmsac. The inverter is capable
of delivering a maximum output current of 35A, with a switching frequency set at 10kHz. A

modulation index of 0.12 is employed to ensure the precise control of the output waveform.

The schematic diagram of the five-switch multilevel inverter illustrates the circuit
configuration, where five MOSFETS (S1, Sz, S3, S4, Ss) are utilized as the primary switching
elements. Each MOSFET block is paired internally with a corresponding diode to prevent
reverse current and ensure the proper functioning of the inverter. This arrangement allows the
generation of multiple voltage levels, which is crucial in reducing harmonic distortion in the

output waveform.

The operational principle of the inverter revolves around producing five distinct voltage levels:
Vbc, Vber, 0, -Vber, and -Vpe. These voltage levels are achieved by controlling the states of
the MOSFETS in a specific switching sequence. The use of high-frequency PWM is integral to
this process, as it allows for precise modulation of the switching elements, thereby achieving

the desired output voltage and minimizing harmonics.

This inverter is classified as a five-level inverter, which is a type of multilevel inverter.
Specifically, this inverter can be identified as a NPC inverter. NPC inverters are known for their
ability to produce multiple voltage levels with reduced harmonic distortion and improved

voltage quality.

The design process for the inverter begins with the calculation of the DC link voltage. This
voltage must be sufficient to generate the desired AC output voltage of 230Vms. For a five-
level inverter, careful design of Vpc is essential to ensure the generation of the required voltage
levels. The maximum output current of 35A, corresponding to the 230Vimsac output,
necessitates careful design considerations on the AC side to handle this current.
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A control block is used to generate the necessary PWM signals. This control block is
responsible for managing the switching sequence accurately. The nominal modulation index of
0.12 and the switching frequency of 10kHz are critical parameters in this design, ensuring

precise control of the inverter.

Multi-level Inverter

Figure 3.4. 5-Switch Inverter Stage.

3.1.3. LCL Filter Design
An LCL filter is incorporated into the design to enhance the quality of the output power and
minimize harmonic distortion, thus ensuring a smooth sinusoidal output. The LCL filter
consists of two inductors (Li and Lg), a capacitor (Cs), and a damping resistor (Rsq). The primary
function of the LCL filter is to attenuate the high-frequency harmonics generated by the

switching actions of the inverter.

The design process of the LCL filter involves selecting appropriate values for the inductors and
capacitor to achieve the desired attenuation while maintaining stability. The inductance values
(Li and Lg) are chosen based on the desired cutoff frequency and the impedance matching
requirements. The capacitor (Cs) is selected to provide the necessary reactive power support
and to set the filter's resonant frequency.
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From the literature, it is suggested that the cutoff frequency for LCL filters in grid-connected
inverters should be around one-tenth of the switching frequency. Given a switching frequency
(fs) of 10 kHz, the cutoff frequency (fc) can be set to approximately 1 kHz [57],[58]. The

resonant frequency (fr) of the LCL filter is determined by the equation:

1

fr = seiateioeer (27)

Assuming the total inductance is equally split between the inverter-side and grid-side inductors,
the total inductance (Ltwta)) required to achieve the desired cutoff frequency can be determined.

Given the desired resonant frequency (fr) is 1,000 Hz and an assumed initial total inductance:
Liota) = 2 X 4mH = 8 mH (28)

This value is chosen to provide adequate filtering without causing significant voltage drop or

excessive size. Using the resonant frequency formula to solve for the capacitance (Cs):

1
Cr = (2nf)2(L1+L2)

(29)
Substituting the values:

1
T (2mx1,000)2X8X10~3

Cr ~ 3.18 uF (30)

To ensure that the inductor values are within practical limits and provide the desired filtering,

the inductance values should be recalculated if necessary:

L =L, = 4mH (31)

The damping resistor (Rsq) is included to dampen the resonance peak and improve the filter's
stability. The value of R is typically chosen to be a fraction of the characteristic impedance of

the LC circuit. The characteristic impedance (Zc) can be calculated as:
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7, = /% (32)

Substituting the given values:

Z, = \/& ~ 50.230 (33)

3.18x1076

The damping resistor R is then chosen to be a fraction of this value. Assuming a damping factor
of 0.1:

Reyy = 0.1 X Z. ~ 50 (34)

The LCL filter stage is meticulously designed to attenuate high-frequency harmonics and
enhance output power quality. The careful selection of inductors, capacitors, and a damping
resistor ensures the effective operation and stability of the filter, thereby improving the overall
performance of the NPC inverter system. The calculations, based on literature

recommendations, provide a robust basis for the implementation of the LCL filter.

3.1.4. Configuration of the Fuel Cell as the DC Source
The fuel cell is configured as the primary DC source for the QZSI. A hydrogen fuel cell model
is used, providing a stable DC voltage output. The fuel cell model is used as a already integrated
model from the Simulink environment, where its dynamic characteristics, such as voltage
output can be adjusted. The model also accounts for the effects of hydrogen consumption and

temperature variations on the output voltage, ensuring accurate real-world operating conditions.
Advanced FC control techniques may incorporate algorithms such as Maximum Power Point

Tracking (MPPT) to extract the maximum possible power from the fuel cell, especially in

applications where the fuel cell operates under varying environmental conditions.
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MPPT control technic has not been utilized in this study. Instead of a DC-DC controller, the
QZS stage boost the DC voltage to the optimum operating range. Additionally, the fuel cell

model operates within its safe operating limits, preventing issues such as overloading.
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Figure 3.5. Fuel Cell Stacks.
The fuel cell stack has 2 fuel cell blocks that are connected in series to achieve the desired input
DC voltage range. The preset model of “SOFC - 3 kW - 100 Vpc” has been used with the

parameters given in Table 3.1.

Table 3.1. Fuel Cell Parameters.

Parameter Value
Preset model SOFC - 3 kW - 100 VDC
Model detail Level Detailed
Voltage at 0A and 1A [V_0(V), V_1(V)] [141.34, 133]
Nominal operating point [Inom(A), Vnom(V)] [30, 106.5]
Maximum operating point [lend(A), Vend(V)] [33.2, 104.86]
Number of cells 119
Nominal stack efficiency (%) 52
Operating temperature (Celsius) 600
Nominal Air flow rate (Ipm) 635
Nominal supply pressure [Fuel (bar), Air (bar)] [1.35, 1]
Nominal composition (%) [H2 O2 H20(Air)] [50, 21, 3]
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3.1.5. Grid Synchronization and Connection
The grid synchronization process was simulated to demonstrate the inverter’s capability to
connect and interact with the grid. Phase-locked loop (PLL) was employed to synchronize the
inverter’s output with the grid’s voltage and frequency. The simulation included scenarios of
both grid-tied and islanded operation modes, highlighting the inverter’s flexibility in different

operational contexts.

The dg transformation is a mathematical technique used to simplify the control of three-phase
power systems by transforming the three-phase currents and voltages into a rotating reference
frame. This transformation decouples the active and reactive power components, facilitating
easier control of grid-connected inverters under unbalanced conditions. In QZSI-based systems,
maintaining stability and efficiency in the dqg frame is critical, particularly during events such
as voltage sags or harmonic distortions. Proper control strategies ensure that the inverters can
inject stable and smooth power into the grid, even under fluctuating input conditions [59].
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Figure 3.6. Unbalanced DQ conversion and modulation index control.
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3.2.  Mathematical Modeling of the Power Circuit

The mathematical modeling of a 5-switch NPC QZSI involves developing state-space equations
that describe the dynamics of the system. This includes modeling the inductor currents and
capacitor voltages, which are influenced by the shoot-through duty cycle and modulation index.
The 5-switch NPC QZSI topology reduces the number of switches required while maintaining
effective control over the output voltage and current.

The steady-state and transient analyses of this topology are essential for ensuring balanced

neutral points and stable operation under varying load conditions [60].

3.3.  Principles of Operation
The operation of QZSIs involves two main states: the active state and the shoot-through state.
During the active state, the inverter functions like a traditional inverter, delivering power to the
load. In the shoot-through state, both switches of a phase leg are turned on simultaneously,
allowing energy to be stored in the inductors and capacitors of the impedance network. This
stored energy is then used to boost the output voltage when the inverter returns to the active
state. This shoot-through capability is crucial for achieving voltage boost without the risk of
damaging the inverter, making QZSIs highly efficient for variable input voltage conditions [61].
3.3.1. Operation States
The operation of Quasi-Z Source Inverters (QZSIs) is characterized by two distinct states, the
active state and the shoot-through state. In the active state, the QZSI operates similarly to a
conventional inverter, with power being delivered to the load. During this state, the inverter
switches function normally, directing energy flow from the input to the output, ensuring

efficient power conversion.
When the +Vpc state is engaged, switches S1 and S4 are activated. During this state, energy is

directed from the DC source to the load, resulting in a positive output voltage equal to the DC

input voltage.
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Figure 3.7. +Vpc state flow.

During the +Vpc/. state, switches Ss and Ss are activated. This configuration allows the output
voltage to be reduced to half of the DC input voltage.
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+e
=1 B
B a0

Figure 3.8. +Vpcy2 state flow.

In the Neutral state, all switches are deactivated. Consequently, no energy is delivered to the

load, resulting in zero output voltage.
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Figure 3.9. Neutral state flow.

For the -VDC state, switches Sz and Sz are activated. Energy is directed in the opposite direction

during this state, producing a negative output voltage equal to half of the DC input voltage.
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Figure 3.10. -Vpc state flow.

When the -Vpcr state is engaged, switches Ss and Ss are activated. The output voltage is

rendered negative and is reduced to half of the DC input voltage.
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Figure 3.11. -Vpcy. state flow.

The shoot-through state is a unique feature of QZSIs, where both switches of a phase leg are
turned on simultaneously. This allows energy to be stored within the inductors and capacitors
of the impedance network. The energy accumulated in the passive components during this state
is crucial for the voltage-boosting capability of the QZSI. In this state, switches S1 and S3 are
simultaneously activated. Energy is stored in the Quasi-Z network by allowing both switches

in the phase leg to conduct simultaneously.

R.

Figure 3.12. Shoot-Through state flow.

Upon returning to the active state, the stored energy is released, providing an increased output

voltage. This state significantly enhances the inverter's ability to manage variable input voltage
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conditions without the risk of damage, thus improving overall efficiency. The unique capability
to store and boost energy makes QZSIs highly suitable for applications with variable input

voltages.

The transition between the active and shoot-through states is governed by control algorithms
that ensure the optimal performance of the QZSI. The timing and duration of these states are
controlled to balance energy storage and power delivery, maintaining high efficiency and
reliability under varying operational conditions. The operating states with corresponding gate

states of the switches and output voltages of the inverter have been presented in Table3.2.

Table 3.2. Operating States.

State Gl G2 G3 G4 G5 OutputVoltage (V)
+Vbc 1 0 0O 1 0 +Vpc
+Vbcr2 0 |0 0o |1 1 +Vber2
0 (Neutral) 0 0 0O 0 O 0
-Vbc 0 1 1 0 0 -Vbcr2
-Vber 0 O 1 0 1 -Vbc
Shoot-Through 1 |0 1 0 |0 0

3.3.2. Bi-Directional Operation
The bi-directional operation of QZSIs is essential for applications requiring power flow in both
directions, such as electric vehicles and energy storage systems. This capability allows the QZSI
to manage both charging and discharging processes efficiently, making it highly suitable for
renewable energy systems and grid integration.

The QZSI operates in two main modes during bi-directional operation: the buck mode and the
boost mode. In the buck mode, the QZSI steps down the voltage to charge the energy storage
system, such as a supercapacitor or battery. Conversely, in the boost mode, the QZSI steps up
the voltage to supply power from the DC supply system to the load or the grid [62]. This dual
capability is achieved by the unique impedance network of the QZSI, which allows continuous

current flow and voltage boost or buck operations as needed [63].
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In electric vehicle applications, the bi-directional QZSI can enhance the overall efficiency and
reliability of the powertrain by enabling seamless transitions between driving and regenerative
braking modes. The ability to handle power flow in both directions not only improves energy
efficiency but also extends the lifespan of the energy storage components by maintaining

optimal charge and discharge cycles [64].

Additionally, the bi-directional QZSI is capable of mitigating the input current ripples, which
is critical for maintaining the stability of the power system. This is particularly important in
grid-tied applications where fluctuating power demands can lead to instability if not properly
managed [65].

Overall, the bi-directional operation of QZSIs provides a versatile and efficient solution for
modern power systems, enabling better integration of renewable energy sources and enhancing
the performance of electric vehicles and energy storage systems. The continuous research and
development in this area aim to further optimize the design and control strategies, ensuring that

QZSIs can meet the increasing demands of advanced power applications [66].

3.4.  Control Methods

The simulation setup for the QZSI model is constructed using MATLAB/Simulink. Simulink
is selected due to its powerful capabilities in modeling, simulating, and analyzing dynamic
systems, particularly in power electronics. The setup includes modeling the QZSI using
standard Simulink blocks such as voltage sources, switches, inductors, and capacitors. The
simulation employs the SPWM technique with 2 carrier signals to control the switching of the
inverter with multiple voltage levels, which improves the performance and reduces harmonic
distortion [67].

3.4.1. Modulation and Signal Generation
The modulation process in the described system is achieved through Sinusoidal Pulse Width
Modulation (SPWM) utilizing two distinct carrier signals, C. and Cp. The reference voltage
(Vrer) is produced based on the feedback from the current controller. This controller is
responsible for maintaining the desired current. Concurrently, the DQ transformation is

employed to decouple the active and reactive power components, which simplifies the control
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of the grid-connected inverter, particularly because of the single phase application. This
decoupling allows for more straightforward management of the inverter's output, ensuring

stability and efficiency.

Within the modulation process, the generated Vrer is compared against the two carrier signals,
Ca and Cp, to determine the switching states of the inverter. The outputs from these comparisons
are processed through logical blocks to generate preliminary signals, denoted as PG1 through
PG5. These logical operations include a series of comparisons and subsequent AND/OR
operations. The SPWM modulation with two carrier signals enhances the precision of the
modulation process. The logical operations performed on the intermediate signals involve

specific comparisons, which are depicted in the block diagrams.
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Figure 3.13. Level shifted SPWM method.

The modulation comparison outputs are then translated into the actual gating signals for the

five-power semiconductor switching devices, using simple combinational logical expressions,

which are shown below:

PG1 = (Ca = absVref A Vref =20) vV (Cb < absVref A Vref <0)
PG2 = (Ca = absVref A Vref <0) vV (Cb < absVref A Vref =0)
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PG3 = Vref < 0 (37)
PG4 = Vref =20 (38)
PG5 = absVref <Ca A absVref =Cb (39)

The preliminary signals, PG1 and PG2, are then compared with modulation index to produce
the gate signals, G1 through G2. The rest of the gate signals have been carried over from
preliminary gate signals directly. This process is designed to meet the desired output voltage

and current requirements, thereby optimizing the inverter's performance.
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Figure 3.14. Modulation index comparison within the modulation outputs.

3.4.2. Current Control
Current control in QZSIs is crucial for maintaining the stability and performance of the system.
The primary objective of current control is to regulate the output current to match the desired

reference value, ensuring efficient power delivery and minimizing harmonic distortion.

The current control strategy typically involves the implementation of a Pl controller with the
DQ transform of the grid connection. After the unbalanced DQ transformation, the reference
voltage is created to feed into the modulation controller to create the required gate signals of

the transistors.
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The controller continuously adjusts the switching states of the inverter to achieve the desired
current waveform. The PI controller operates by minimizing the error between the reference

current and the actual output current.

In QZSI applications, current control is particularly important due to the presence of the
impedance network, which affects the dynamics of the system. The control algorithm must
account for the interactions between the inductors and capacitors in the Quasi-Z source network,
ensuring stable operation and effective power conversion. Proper tuning of the current
controller parameters is essential to achieve fast transient response, low THD, and robust
performance under varying load and grid conditions.

3.4.3. DC Link Control
DC link control in QZSIs is essential for maintaining a stable DC link voltage, which directly
influences the performance and efficiency of the inverter. The DC link voltage must be
regulated to ensure proper power conversion and to prevent voltage fluctuations that could

affect the stability of the system.

The DC link control strategy involves monitoring the DC link voltage and adjusting the shoot-
through modulation index to regulate the voltage levels. The control system uses a feedback
loop, where the measured DC link voltage is compared to a reference value, and the error is

processed by a Pl controller.

The PI controller for the DC-link voltage was tuned using a modified Ziegler-Nichols method,
adapted to suit the specific dynamics of the QZSI system. This involved first determining the
ultimate gain Ky and oscillation period Py, and then using these values to calculate the

controller parameters:

K
K; = 1.2F1’Du (41)
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The output of the controller determines the shoot-through modulation index, which in turn
affects the energy storage and release in the Quasi-Z source network. The modulation index M,
which controls the inverter's output voltage, is determined by the ratio of the desired DC-link

voltage Vpc to the input voltage Vin provided by the fuel cell:

M = Yee (42)

Vin

The PI controller adjusts the modulation index according to the error between the DC link
voltage and the set DC link voltage. Set DC link voltage has been determined as 380V according

to the tuning of the model and the literature research findings.

Bi-directional DC link control is particularly important in applications where the QZSI is used
for energy storage systems or inverters that need to operate in both charging and discharging
modes. The control algorithm must ensure seamless transitions between these modes,
maintaining the desired DC link voltage under different operating conditions. With the
utilization of a PI control for the current control of the inverter, it can pull power from the grid
to stabilize the DC link voltage. The inverter acts as a rectifier to transform the AC grid voltage
into DC voltage and according to the switching signals provided by the current controller
supported by the PI controller, the DC link voltage can be controlled and even be utilized as a

DC supply or a charger circuit.

Effective DC link control enhances the overall performance of the QZSI, ensuring stable
operation, efficient power conversion, and reliable integration with renewable energy sources

and the electrical grid.

3.5. Explanation of the Load Scenarios Tested
In this study, fuel cell rated power is determined as 6000 W. Variable load power is ranging

from 1000 W to 8000 W maximum. The mentioned operational modes are described below:

e Mode 1: The fuel cell supplies the load and feeds excess power to the grid.
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e Mode 2: The fuel cell and the grid jointly supply the load.
e Mode 3: The grid is off, and the fuel cell alone supplies the load.
e Mode 4: The fuel cell is off, and the grid alone supplies the load.

The load scenarios tested in the simulation encompass various operational modes to evaluate
the performance of the QZSI with the fuel cell as the DC source. The scenarios are structured

as follows:

In Case 1, the QZSI system operates under different modes to illustrate its flexibility and

efficiency in managing power flow between the fuel cell, load, and grid.

e Mode 1 (0 to 1 second): The fuel cell supplies power to a 1000 W load, with excess
power being fed into the grid, demonstrating the system's capability to effectively utilize

surplus energy.

e Mode 2 (1 to 2 seconds): The load demand increases to 7000 W, necessitating
additional power from the grid to supplement the fuel cell's output. This mode highlights

the QZSI's robustness in handling higher load demands.

e Mode 1 (2 to 3 seconds): The fuel cell operates at a nominal 6000 W, supplying a 2000
W load and feeding an estimated 4000 W of excess power back into the grid,

emphasizing the system's efficiency in managing surplus power.

e Mode 3 (3 to 4 seconds): The fuel cell alone supplies a 2500 W load, with no interaction
with the grid, demonstrating the QZSI's suitability for standalone operations.

In Case 2, the QZSI system continues to display its adaptability and efficiency under various

operational conditions.

e Mode 1 (4 to 5 seconds): The fuel cell supplies a 3000 W load, with excess power fed
into the grid, showcasing the system's ability to support the grid with surplus energy.
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e Mode 2 (5 to 6 seconds): The load demand increases to 8000 W, requiring an estimated
2000 W from the grid to supplement the fuel cell's output of 6000 W, demonstrating the

QZSI's capacity to draw necessary power from the grid under high load conditions.

e Mode 4 (6 to 7 seconds): The fuel cell is off, and the grid supplies the entire 2000 W
load, illustrating the system's reliability in maintaining continuous power supply using

grid power alone.

e Mode 1 (7 to 8 seconds): The fuel cell operates at 6000 W, supplying a 2000 W load
and feeding an estimated 4000 W of excess power back into the grid, reinforcing the

system's efficiency in handling surplus power.

Overall, these case analyses shall illustrate the QZSI system's robust performance in managing
varying load demands and power sources, effectively balancing power generation and
consumption while ensuring grid stability and reliability. Detailed numerical results and
performance metrics will be presented in subsequent sections to provide a comprehensive

evaluation of the system's capabilities.

Efficiency for each scenario will be measured and documented, indicating the performance of
the QZSI under different load conditions and operational modes. With the simulation model
established and the parameters set, the system's performance under different load scenarios will
be analyzed. The following section presents the results of these simulations and discusses their

implications.
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4. ANALYSIS AND DISCUSSION

4.1. MATLAB/Simulink Model and System Parameters

To verify the performance of the proposed Quasi-Z source integrated multi-level inverter (QZS-
MLI) topology and the designed controllers, simulation results captured from
MATLAB/Simulink software are presented. The effectiveness of the proposed QZS-MLI
system is tested with different case studies.

The overall MATLAB/Simulink model of the proposed QZS-MLI system is shown in Figure
4.1. The power circuit design parameters and control parameters used in the simulation model
are given in Table 4.3. Control algorithms specified in Chapter 3, are implemented using
Simulink blocks and MATLAB code within the MATLAB editor.

In this simulation study, the following features are aimed to be explored through different case

studies:

e To observe the steady-state and dynamic response of the system under changing load
conditions.

e To monitor power flows between input and output ports in different operating modes,
depending on the variations in FC parameters and grid conditions.

e To demonstrate that the voltage imbalance between the lower and upper terminals of
the DC link can be successfully compensated.

e Simulation results validate the high efficiency and stability of the QZS-MLI under
various load conditions, supporting its use in grid-tied and standalone renewable energy

applications.
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Figure 4.1. FC Integrated Grid Connected Power Circuit Simulink Model.
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Table 4.1. MATLAB/Simulink Simulation Parameters.

Solver Maximum Step Size 1e-06 s
Duration of Simulation Time 8s

Table 4.2. DC-Link PI Control Parameters

Kp 0.0005
Ki 0.01

The system parameters have been optimized according to the simulation results with iterations.
The parameters the for the simulation model of the QZS-MLI have been defined and presented
in Table 4.3.

Table 4.3. System Parameters of Simulation Model.

System Parameter Value
Nominal power rating 6000 W
Nominal operating point (In, Vn) 30.06 A, 213V
Open circuit voltage (Voc) 282.68 V
Fuel Cell Maximum operating point (Im, Vm) [33.2 A, 209.72 V
Number of cells 238
Types of cells Solid Oxide FC
System temperature 873 K
Nominal supply pressure (Fuel , Air)| 1.35 bar, 1 bar
C1,.C2 1 mF
. L1,L2,L3,L4 1mH
Quasl-Z Source Nominal Voltage Gain 1.52
Nominal Modulation Index 0.12
Rated Maximum Current 35A
Multilevel Inverter | DC Link Voltage 380V
Switching Frequency (fs) 10 kHz
Li 4 mH
: Lg 2.4 mH
LCL Filter of 3 uF
Rsd 7.5 Ohm
Variable Load Load Range 1000 - 8000 W
Grid Voltage 230 V RMS
Frequency 50 Hz
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4.2.  Presentation of Simulation Results for Different Load Scenarios
The simulation results for the QZSI were obtained using MATLAB/Simulink, focusing on
various load scenarios to evaluate the inverter's performance. The results are presented for each

case as follows.

In Case 1, the performance of the QZSI system is evaluated under different operating modes
over a period of four seconds. The analysis covers four distinct modes, each demonstrating the
system's response to varying load demands and fuel cell power outputs, highlighting the QZSI's

capability to manage power flow and maintain grid stability.

During Mode 1, from 0 to 1 second, the fuel cell operates at 5728 W, supplying a load of 1000
W. The excess power of 4453 W is fed into the grid. This scenario illustrates the system's ability
to efficiently utilize surplus power generated by the fuel cell and contribute it to the grid,
enhancing the overall grid stability and efficiency.
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Figure 4.2. Case 1, Mode 1, from 0 to 1 second.
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In Mode 2, from 1 to 2 seconds, the fuel cell continues to operate at a slightly higher output of
5749 W, while the load demand increases to 7000 W. This results in a power deficit of 1601
W, which is supplied by the grid. This mode demonstrates the QZSI system's ability to draw
additional power from the grid to meet higher load demands, ensuring continuous and reliable
power supply to the load.
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Figure 4.3. Case 1, Mode 2, from 1 to 2 seconds.

Returning to Mode 1 from 2 to 3 seconds, the fuel cell's output increases to 5807 W, and the
load demand is adjusted to 2000 W. The system again operates with excess power, feeding 3539
W back into the grid. This scenario further highlights the system's capability to dynamically
adjust to changing load conditions and efficiently manage surplus power generation by feeding

it into the grid.
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Figure 4.4. Case 1, Mode 1, from 2 to 3 seconds.

Finally, in Mode 3 from 3 to 4 seconds, the fuel cell operates at 2676 W, precisely matching

the load demand of 2500 W. In this mode, there is no power exchange with the grid, as the

generated power is entirely consumed by the load. This mode highlights the QZSI system's

ability to balance power generation and consumption, maintaining stable operation without
56

requiring grid interaction.
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Figure 4.5. Case 1, Mode 3, from 3 to 4 seconds.

Overall, this detailed analysis of Case 1 showcases the QZSI system's flexibility and efficiency
in managing power flows between the fuel cell, the load, and the grid under varying conditions.
The system's ability to feed excess power into the grid, draw power to meet deficits, and balance
generation and consumption without grid interaction demonstrates its robustness and reliability

in dynamic power management scenarios.
These capabilities are essential for integrating renewable energy sources like fuel cells into

modern power systems, ensuring efficient and stable energy supply. The results have been

presented in Table 4.4.
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Table 4.4. Case 1 Results.

Simulation Fuel Cell Fuel Load Grid Operation Efficiency
Time Parameters Cell Power Power Mode
Interval Power
t=0-1s ST=973K 5730 W Pload = 1000 W | - 4401 W Mode 1 %94.26
FP = 1.35 bar
- t=1-2s ST=973K 5746 W Pload = 7000 W | 1593 W Mode 2 %94.09
43; FP =1.15 bar
(c_)"é t=2-3s ST=923K 5819 W Pload = 2000 W | -3403 W Mode 1 %92.86
FP =1.0 bar
t=3-4s ST=923K 2676 W Pload = 2500 W ow Mode 3 %93.38
FP =1.0 bar

In Case 2, the QZSI system's performance is assessed over a four-second interval, covering

different operational modes that illustrate the system's adaptability to varying load demands

and fuel cell power outputs. This analysis underscores the system's efficiency in managing

power flow between the fuel cell, the load, and the grid.

During Mode 1, from 4 to 5 seconds, the fuel cell operates at 5777 W, supplying a load of 3000

W. The excess power of 2608 W is fed into the grid, showcasing the system's capability to

efficiently handle surplus power generation and support the grid. This mode highlights the

QZSI's role in enhancing grid stability by contributing excess power generated by the fuel cell.
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Figure 4.6. Case 2, Mode 1, from 4 to 5 seconds.

In Mode 2, from 5 to 6 seconds, the fuel cell maintains a power output of 5784 W, while the
load demand increases significantly to 8000 W. This results in a power deficit of 2566 W, which
Is compensated by drawing additional power from the grid. This scenario demonstrates the
QZSI system's flexibility in meeting high load demands by seamlessly integrating grid power,

ensuring uninterrupted power supply to the load.
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Mode 4, from 6 to 7 seconds, presents a scenario where the fuel cell is turned off, and the entire
load of 2000 W is supplied solely by the grid. This mode illustrates the QZSI system's ability
to rely on grid power when the fuel cell is not operational, maintaining continuous power
delivery to the load without interruption. It underscores the importance of grid connectivity in

providing a reliable backup power source.
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Figure 4.8. Case 2, Mode 4, from 6 to 7 seconds.

Returning to Mode 1 from 7 to 8 seconds, the fuel cell resumes operation at 5797 W, supplying
aload of 2000 W. The excess power of 3444 W is again fed into the grid. This scenario reaffirms
the system's efficiency in managing surplus power generation and supporting the grid by
feeding back the excess power. The system's ability to dynamically adjust to changes in load
demand and fuel cell operation is critical for maintaining optimal performance and grid

stability.
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Figure 4.9. Case 2, Mode 1, from 7 to 8 seconds.

The analysis of Case 2 highlights the QZSI system's robustness and adaptability in various
operational scenarios. The system effectively manages power flow by feeding excess power
into the grid, drawing power to meet deficits, and relying on grid power when the fuel cell is
off. These capabilities are essential for integrating renewable energy sources like fuel cells into
modern power systems, ensuring efficient, reliable, and stable energy supply. The ability to
seamlessly transition between different operational modes without compromising power quality
or reliability demonstrates the QZSI system's suitability for dynamic and demanding energy

environments. The results of this case study are presented in Table 4.5.
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Table 4.5. Case 2 Results.

Simulation Fuel Cell Fuel Cell Load Grid Operation | Efficiency
Time Parameters Power Power Power Mode
Interval
t=4-5s ST=973K 6016 W Pioag = 3000 W -2621 W | Mode 1 %93.44
FP =1.15 bar
o | t=56s ST=973K 6011 W Pioad = 8000 W 2382 W Mode 2 %93.45
ﬁ FP =1.15 bar
g t=6-7s ST=973K ow Pioag = 2000 W 2000 W Mode 4 N/A
FP =0 bar
t=7-8s ST=973K 6059 W Pioag = 2000 W -3654 W | Mode 1 %93.33
FP =1.15 bar

These scenarios demonstrate the QZSI's ability to manage different load conditions and
efficiently distribute power between the fuel cell and the grid.

The performance of the QZSI was evaluated by examining key parameters such as output
voltage, current, THD, and efficiency under the varying load conditions described in Case 1
and Case 2.

The QZSI demonstrated high efficiency and stable output voltage in Mode 1, effectively
managing surplus energy by feeding it back into the grid, thereby supporting grid stability and
maximizing energy utilization. In Mode 2, the QZSI maintained stable output under increased
load demand, showcasing its robustness in handling power deficits by drawing necessary power
from the grid, ensuring high performance. Mode 3 highlighted the QZSI's capability to match
load demand without grid interaction, making it suitable for standalone operations requiring
grid independence and reliability. In Mode 4, the system showed flexibility by seamlessly
switching to grid power when the fuel cell was off, ensuring uninterrupted power supply and

enhancing overall system reliability.

Figure 4.10 presents a comparison between the Fuel Cell output voltage (Vin) and the DC link
voltage of the inverter (Vpc) over the simulation period. The blue line represents the FC output

voltage (Vin), while the orange line represents the DC link voltage of the inverter (Vpc).
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Figure 4.10. DC link voltage compared to the FC output voltage.

Initially, from 0 to 1 second, both Vin and Vpc exhibit a sharp rise as they stabilize at their
respective operating levels. The FC output voltage (Vin) quickly settles around 250V, while the
DC link voltage (Vpc) stabilizes at a higher level, around 380V. This initial phase indicates the

system's ability to rapidly achieve steady-state operation after startup.

Around the 2-second mark, a transient response is observed, characterized by small dips in both
Vin and Vpc. Vin drops slightly below 250V, suggesting a brief disturbance, possibly due to a
change in load or an adjustment in the control system. Correspondingly, Voc shows a minor dip
but maintains its relative level above Vin, albeit slightly lower than its initial steady-state value.
This behavior highlights the system'’s sensitivity to transient changes and its capacity to quickly

stabilize.

Between 2 and 6 seconds, the voltages demonstrate intermediate stability with minor
fluctuations. Vin fluctuates slightly around 250V, and another minor dip occurs around the 3-
second mark. Despite these variations, Vpc continues to remain stable around 380V, indicating

effective voltage regulation by the inverter system. A significant dip is observed around the 6-
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second mark, where Vin decreases to approximately 200V, and Vpc shows a corresponding
drop. This dip suggests a more substantial disturbance or a control action that temporarily

affects the voltages.

Following the significant dip at 6 seconds, both voltages recover and stabilize again from 6 to
8 seconds. Vin returns to its steady-state value around 250V, and Vpc also returns to its previous
steady-state value around 380V, maintaining its higher relative voltage above Vin. This
recovery phase underscores the system’s capability to handle significant disturbances and return

to stable operation.

Throughout the entire period, the DC link voltage (Vbc) consistently remains higher than the
FC output voltage (Vin), demonstrating the effective voltage boosting capability of the Quasi-Z
Source stage of the inverter system. The observed transient dips and subsequent quick
recoveries highlight the robustness of the control system in stabilizing the voltages and ensuring

consistent performance despite transient disturbances.

The interaction between the QZSI, the fuel cell, and the grid was analyzed to understand the
system's overall dynamics. The fuel cell provided a stable DC voltage, which the QZSI
converted to AC power for grid connection. The inverter's shoot-through capability allowed for
effective voltage boosting, ensuring consistent power supply to the grid despite fluctuations in
the fuel cell's output. The comparison of inverter output voltage and current with grid and load

currents during both case studies is depicted in Figure 4.11.
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Figure 4.11. Signal form and phase changes during transitions.

65



The phase changes between the inverter output, grid, and load currents are an indication for
effective power flow and synchronization. The inverter output voltage and current are in phase,
ensuring efficient active power conversion from DC to AC. The initial transients in the grid
current suggest phase adjustments during transition from the previous working mode. Once
stabilized, the grid current aligns with the inverter output, ensuring seamless power transfer to
the grid. The load current variations reflect dynamic load conditions, but the overall sinusoidal

shape indicates stable power delivery.

Overall, the waveforms demonstrate the inverter's ability to produce stable output, synchronize
with the grid, and supply the load with consistent power, highlighting its reliability and
efficiency in a grid-connected setup. The complete results of Case 1 and Case 2 are shown in

Figure 4.12 and Figure 4.13.
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Figure 4.12. Overall Case 1 Results.
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Figure 4.13. Overall Case 2 Results.
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The comparison of fuel cell power and inverter power along with the overall system efficiency
has been presented in Figure 4.14.
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Figure 4.14. Comparison of fuel cell and inverter output powers.

The graph illustrates the relationship between the fuel cell power, which supplies the inverter,
and the inverter's output power, along with the system's efficiency under different operating
conditions. Initially, the fuel cell delivers around 5500 W, with the inverter outputting slightly
less due to conversion losses. At approximately 2 seconds, a sharp reduction in both fuel cell
and inverter power is observed, reflecting the dynamic behavior of the system in response to

load changes. After this event, the system stabilizes, with power levels recovering.
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The system's efficiency, as shown in the lower plot, begins at a peak of 94.26% before
experiencing a minor decrease. The sharp power reduction is accompanied by a drop in
efficiency to 77.14%, followed by recovery to over 93%. Overall, the system demonstrates

strong performance, with transient conditions briefly affecting efficiency.

The comparison of THD before and after the LCL filter stage in Figure 4.15.
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Figure 4.15 THD results with and without the LCL filter.

The graph displays the Total Harmonic Distortion (THD) with and without the filter applied,
where the red line represents the unfiltered THD and the blue line shows the filtered THD.
Initially, the THD reaches around 18%, then shortly, the THD is reduced significantly by the
filter and the modulation to below 1%. Throughout the simulation, high peaks in the THD occur
due to dynamic system behavior and load changes, particularly between 3 and 4 seconds, where
the grid is disconnected and the reference voltage is affected. Despite these peaks, the filter

remains effective, keeping the THD low.
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At the 6-second mark, the THD drops to zero due to the inverter being disconnected from the
system. Throughout the simulation, the average unfiltered THD remains below 2%, while the
filtered THD maintains an average of approximately 0.35%. This demonstrates the filter’s
effectiveness in significantly reducing harmonic distortion under various operating conditions,

maintaining overall system performance.

4.3. Comparison with Theoretical Expectations and Previous Studies
The simulation results were compared with theoretical expectations and findings from previous
studies to validate the QZSI's performance:
e The QZSI's ability to maintain high efficiency and low THD under various load
conditions was consistent with theoretical predictions and previous research [68].
e The dynamic performance under variable load scenarios aligned well with earlier
studies, highlighting the inverter's robustness and reliability [69].
e The interaction between the QZSI, fuel cell, and grid showed improved system stability
and efficiency, supporting findings from other researchers who have explored similar
setups [70].

4.4.  Discussion

The primary objective of this research was to evaluate the performance of the QZSI integrated
with a fuel cell as the primary DC source under various load conditions. The simulation results
demonstrated that the QZSI effectively managed different load scenarios specified in Case 1
and Case 2. The inverter maintained high efficiency, low THD, and stable output voltage across
all tested conditions. These findings confirm that the QZSI is suitable for applications involving
renewable energy sources, providing reliable performance even with fluctuating inputs and

varying loads.

Several key findings emerged from the study:

1. High Efficiency and Low THD: The QZSI maintained high efficiency and low THD
under various load conditions, demonstrating its capability to deliver clean and stable

power. This is crucial for grid-tied applications where power quality is paramount.
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2. Robust Performance Under Variable Loads: The inverter handled both steady and
dynamic loads effectively, ensuring consistent output and efficient power management.
This robustness is beneficial for real-world applications where load demands can vary
significantly.

3. Effective Integration with Fuel Cells: The QZSI demonstrated reliable performance
with the fuel cell as the primary DC source, efficiently managing the power flow
between the fuel cell and the grid. This indicates the potential of QZSIs in renewable
energy systems, especially those utilizing fuel cells.

4. AC-to-DC conversion: These findings imply that QZSIs can significantly enhance the
efficiency and reliability of renewable energy systems, making them a viable option for

both residential and commercial applications.

While the study provided valuable insights into the performance of QZSlIs, there were several

limitations:

1. Simulation-Based Analysis: The study was conducted using simulations, which, while
useful, may not capture all real-world complexities. Experimental validation is
necessary to confirm the simulation results and will be defined as future work.

2. Limited Load Scenarios: Only specific load scenarios were tested. Future research
should explore a broader range of conditions, including more complex and varied load
profiles, to comprehensively evaluate the inverter's performance. This will be defined

as a future work to achieve on the experimental setup.
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5. CONCLUSION

5.1.1. Summary of the Main Findings
This research focused on evaluating the performance of the QZSI integrated with a fuel cell
under various load conditions using MATLAB/Simulink simulations. The main findings of this
study are as follows:

1. High Efficiency and Low THD: The QZSI maintained high efficiency and low THD
across all tested load conditions, demonstrating its capability to deliver clean and stable
power, which is crucial for grid-tied applications.

2. Robust Performance Under Variable Loads: The inverter effectively managed both
steady and dynamic loads, ensuring consistent output and efficient power management.
This robustness is beneficial for real-world applications in which load demands can vary
significantly.

3. Effective Integration with Fuel Cells: The QZSI demonstrated reliable performance
with the fuel cell as the primary DC source, efficiently managing the power flow
between the fuel cell and grid. This indicates the potential of QZSIs in renewable energy

systems, especially those utilizing fuel cells.

5.1.2. Contribution of the Research to the Field
This research contributes to the field of power electronics and renewable energy systems by
providing a comprehensive analysis of the performance of QZSIs when integrated with fuel

cells. The key contributions of this study include the following:

1. Validation of QZSI Efficiency and Stability: This study validated the high efficiency
and stability of QZSIs under various load conditions, supporting their use in grid-tied
and standalone renewable energy applications.

2. Integration with Renewable Energy Sources: The study highlights the effective
integration of QZSIs with fuel cells, providing a viable solution for renewable energy

systems that require efficient and reliable power conversion technologies.
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6. RECOMMENDATIONS

While this study has provided significant insights into the performance of QZSIs, further

research is recommended in the following areas:

1. Experimental Validation: Future work should include real-world experiments to
validate the simulation results and address any discrepancies between the theoretical
and practical outcomes.

2. Extended Load Testing: Additional studies should explore a wider variety of load
conditions, including non-linear and unbalanced loads, to comprehensively evaluate the
performance of the inverter.

3. Advanced Control Techniques: Further optimization of control strategies, including
the exploration of advanced algorithms, could enhance the efficiency, stability, and
response time of QZSIs.

4. Integration with Multiple Renewable Sources: Investigating the performance of
QZSIs when integrated with other renewable energy sources such as solar or wind, in
addition to fuel cells, would provide a broader understanding of their versatility and
applicability.

5. Addressing Limitations: Research should focus on addressing the identified
limitations, such as the need for larger inductance and capacitance in single-phase
QZSiIs to limit switching frequency ripple, and finding solutions to reduce component

stresses.
By addressing these areas, future research can further solidify the role of QZSIs in enhancing

the efficiency and reliability of renewable energy systems, paving the way for their broader

adoption in various applications.
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