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Abstract

In voltage source inverters (VSIs), pulse width modulation(PWM) techniques are
employed to convert the available DC voltage into AC voltage at a high switching
frequency. In PWM techniques, the fundamental space vector is generated using
the instantaneous volt-sec balance of the switching states. The difference between
the fundamental space vector and instantaneous switching states creates the error
voltage. This error voltage influences the DC bus current and load current ripple. The
instantaneous projection of error voltage onto the DC bus gives the DC current ripple
pattern. This current ripple pattern defines the DC bus voltage ripple. A novel minimum
DC voltage ripple generating PWM selection algorithm is proposed in this work for a
three-phase two-level voltage source inverter. To elicit the minimum DC voltage ripple,
firstly, the DC capacitor current, DC voltage ripple, and DC source current ripple are
mathematically modeled for a three-phase two-level VSI using an error voltage vector
approach. Based on mathematical modeling, different continuous PWMs (CPWDMs) and
discontinuous PWMs (DPWMs) are compared to derive the minimum DC voltage ripple.
After comparison, the minimum DC voltage ripple regions are identified for CPWMs
and DPWMs in the modulation index (m,) and load angle (§) plane. Based on the
identified regions, an adaptive switching PWM selection algorithm is proposed to ensure
the minimum DC voltage ripple irrespective of the load operating conditions. Further,
by exploiting the concept of instantaneous mapping of AC error voltage onto the DC
bus through power factor axis coordinates, in this research work, the unprecedented
DC voltage ripple is modeled in the synchronous power factor reference frame for the
dual inverter with common DC link. With the computed DC bus voltage ripple model,
in this research work, the minimum DC voltage ripple yield PWM switching sequence
is proposed for dual inverter with common DC link to minimize the DC bus voltage
ripple for VSIs at different loading conditions. The effectiveness of the proposed work
is demonstrated experimentally on a dual inverter setup in terms of optimum switching
sequence elicitation. Further, the analysis of DC voltage ripple and DC source current
ripple and its minimization is done on the dual inverter with a separate DC link. This
work thoroughly analyzes the switching state correlation to minimize the DC voltage
ripple without affecting the AC load current ripple. The analysis revealed that the
switching algorithms must act to place the switching states by computing instantaneous
DC capacitor current polarity. Using the polarity information, this work proposes the
novel PWM dynamic sequencing mechanism that independently places the null and
active vector in the sampling time interval to accomplish the minimum DC voltage ripple.
Unlike conventional PWM methodologies, a prior capacitor current polarity computation
makes the proposed algorithm dynamic in realizing the optimum switching sequence at
any load condition without influencing the load current ripple. Further, the proposed
method identifies the dwell times from the instantaneous phase reference voltages,
freeing the algorithm from complex dwell time computations and sector identification.

Therefore, the proposed methodology is simple in realizing variations in PWMs by simply
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shifting /segregating the null time. Further, it is demonstrated that discontinuous PWMs
having low current ripple can yield the lowest voltage ripple with the proposed sequence;

otherwise, it is the highest among all other PWM variants.

Keywords: Capacitor stress, Common mode voltage elimination, DC Capacitor, DC
current ripple, Dual two-level inverter, Load impedance, Pulse-Width Modulated (PWM)

Inverters, Solar inverter, Space Vector PWM,
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Chapter 1

Introduction

1.1 Environmental Imperatives: Rethinking Energy

Sources and Transportation for a Sustainable Future

Conventional energy resources, such as fossil fuels (coal, oil, and natural gas), exert
significant environmental impacts across their entire life cycle, encompassing extraction,
processing, transportation, combustion, and waste disposal. These impacts include air
pollution, greenhouse gas emissions, water pollution and consumption, land degradation,
resource depletion, health implications, and waste generation. These environmental
ramifications contribute to global warming and glacier depletion, necessitating prompt
action. Both developed and developing nations are taking proactive measures to address
the impacts of global warming by curtailing carbon emissions. The primary contributors
to global warming include energy generation from conventional resources (coal, oil, and
gas) and conventional transportation systems (petrol or diesel-based). An overview of
energy generation from various sources and the adoption of eco-friendly transportation

systems is crucial, considering both global and Indian perspectives.

1.1.1 Energy utilization from different resources

The Fig. 1.1 gives a visualization of global energy consumption until 2023 [1]. The data
clearly illustrates that oil stands as the primary source of energy consumption worldwide,
closely followed by coal, gas, and hydroelectric power. Collectively, energy consumption
from gas, coal, and oil falls within the range of 40,000 TWh, showcasing their significant
dominance in the energy landscape. In contrast, renewable energy sources like solar
and wind contribute a mere 2,000 TWh to 4,000 TWh, indicating their comparatively
lower share in the global energy mix. In India, energy consumption from sources such as
coal and oil ranges from 4,000 TWh to 2,000 TWh as shown in Fig. 1.2. In contrast,
renewable energy sources like solar and wind contribute only between 150 TWh to 200
TWh. This stark contrast underscores the need for increased investment and adoption of

renewable energy sources to diversify India’s energy portfolio and promote sustainability.

In Fig. 1.3, a visual representation of per capita energy consumption from different sources
is presented for the top economies worldwide. The figure clearly illustrates that per capita
energy consumption from renewable energy sources lags considerably behind other sources.

This observation highlights the disparity in energy utilization patterns and underscores
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Figure 1.1: Energy consumption by source, Global [1]
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the potential for advancement and wider adoption of renewable energy technologies to
tackle sustainability challenges. Similarly, the subsequent subsection will delve into data

pertaining to the adoption of eco-friendly vehicular systems.

Per capita energy from fossil fuels, nuclear and renewables, 2022

Measured in kilowatt-hours® of primary energy® consumption per person, using the substitution method®.

M Fossil fuels [l Nuclear [l Renewables

United States 63,836 kWh 78,754 kWh

Russia 47,871 kWh 55,459 kWh

France 19,372 kWh 11,409 kWh 36,052 kWh

China 25,344 kWh 31,051 kWh
United Kingdom 22,509 kWh 30,098 kWh

India 7,143 kWh

Data source: Energy Institute - Statistical Review of World Energy (2023); Population based on various sources (2023)
OurWorldInData.org/energy-mix | CC BY

Figure 1.3: Per capita energy consumption by source, India [1]

1.1.2 Adoption of eco-friendly vehicles for the transportation system

The conventional vehicular system relies on petrol or diesel as fuel, contributing to
environmental degradation through the emission of greenhouse gases, thereby exacerbating
global warming. In contrast, electric or hybrid electric vehicles present an eco-friendly
alternative. These vehicles utilize batteries in conjunction with another power source
to propel the vehicle, offering reduced emissions and a more sustainable mode of
transportation.

In Fig. 1.4, data pertaining to the sales of new cars categorized as battery-electric and
plug-in hybrid is presented. The figures reveal that Norway boasts the highest number
of such cars sold, while the percentage of sales in India remains notably low [2]. This
discrepancy underscores varying adoption rates of electric and plug-in hybrid vehicles
across different regions, highlighting the need for further analysis and initiatives to promote
their uptake in countries with lower adoption rates. In Fig. 1.5, the global sales data for
electric cars is depicted. The figures highlight China as the leader in electric car sales,
while India’s electric car sales remain comparatively lower. This data underscores the
prevalent use of petrol and diesel-fueled vehicles in India. This data also shows that India

should adopt eco-friendly (Electric or hybrid electric) vehicles to promote clean energy.
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Share of new cars sold that are battery-electric and plug-in hybrid,
2010 to 2022

Plug-in hybrids® cars can run using an electric motor and rechargeable battery, or an internal combustion engine. Their battery
is usually smaller than a fully battery-electric?.
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Figure 1.4: Share of battery-electric and plug-in hybrid new cars sold [2]
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Figure 1.5: Electric car sold share [2]
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1.2 Motivation

In pursuit of increasing energy generation from renewable resources and transitioning
towards an eco-friendly transportation system, India has unveiled its 2030 mission. During
COP26, India unveiled ambitious targets aimed at decarbonizing its energy sector by
50% and attaining 500 GW of energy generation from renewable sources by 2030. To
facilitate cleaner energy generation from renewable sources and promote the adoption
of electric vehicles in the transportation sector, the Government of India has rolled out
several schemes designed to incentivize and support these initiatives [3]. Notable schemes

include:

Solar Park Scheme: Intends to construct multiple solar parks, each boasting an

approximate capacity of 500 MW.

+ Rooftop Solar Scheme: Aspires to leverage solar energy through the installation

of solar panels on residential rooftops.
e SRISTI Scheme: To advance rooftop solar power initiatives across India.

e International Solar Alliance: Collaborative platform for increased deployment

of solar energy technologies.

o Kisan Urja Suraksha evam Utthaan Mahabhiyan (PM-KUSUM): Initiated
by the Ministry of New and Renewable Energy (MNRE) to bolster the deployment
of off-grid solar pumps in rural regions and diminish reliance on the grid in connected

areas.

o UDAN: (Airport runway lighting system, Solar integrated technologies for railways,
Battery charging station)

« DDUGJY (Rural electrification, Micro-grid solutions)
o FAME (Faster Adoption and Manufacturing of Electric Vehicles)

This scheme accelerates the integration of renewable energy with the grid by utilizing
advanced grid-connected inverters and variable frequency drive technology. It enables the
seamless transfer of renewable energy to the grid while also powering electric or hybrid
electric vehicles (EVs). The renewable energy grid-connected inverter technology uses
VSIs to efficiently channel available active power into the grid at unity power factor.
On the other hand, variable frequency drives utilize VSIs to precisely control output
voltage, This ripple pattern defines the DC bus voltage ripple. frequency and magnitude,
thereby ensuring EVs achieve the desired speed and torque.

Various VSI topologies have been proposed in the literature to enhance power quality,
increase efficiency, offer flexible control, and reduce DC bus voltage. VSIs utilize pulse
width modulation (PWM) techniques to convert available DC voltage into AC voltage

efficiently. These PWM techniques are crucial for switching the inverter to produce a
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fundamental voltage across the load with minimal distortion. In VSIs, PWM techniques
are essential for converting DC voltage to AC voltage at high switching frequencies.
During this conversion process, the current in the DC link switches at the same frequency,
resulting in a pulsating current in the DC link. The harmonics of this pulsating current
are absorbed by the DC capacitor. The RMS current flowing through the DC capacitor
determines its overall lifespan. Similarly, the instantaneous current flowing through the
capacitor generates both DC voltage ripple and DC source current ripple. The DC voltage
ripple dictates the DC capacitor value—higher DC voltage ripple necessitates higher DC
capacitance to keep it within permissible limits. The magnitude of the DC voltage ripple
also depends on the switching pattern of the PWM. Each PWM has a specific switching
pattern, resulting in different magnitudes of DC voltage ripple. Therefore, it is essential to
conduct a thorough analysis of DC link ripple, considering the different PWM technique
and VSI topology, to properly size the DC capacitor for dedicated inverter and PWM. For
a comprehensive understanding, the following section delves into an extensive literature

survey on various VSI topologies, PWM techniques, and DC link ripple.

1.3 Types of voltage source inverters

VSIs are essential components in power electronic systems for converting DC voltage to
AC voltage. Various VSI topologies have been developed to meet different application
requirements, considering factors such as efficiency, voltage levels, harmonic distortion,
and scalability. The conventional two-level VSI is the simplest topology, consisting of
switches arranged in a bridge configuration, typically an H-bridge. While simple and
cost-effective, it suffers from high voltage stress on the switches and limited voltage levels
[4]. To reduce the voltage stress on the switches and increase the voltage levels, multilevel

inverter topologies are came into existence which are followed as:

o Neutral-Point Clamped (NPC) VSIs: Neutral-Point Clamped VSIs utilize
additional clamping diodes and capacitors to achieve multiple voltage levels, reducing
voltage stress on switches and improving waveform quality. They are commonly used

in medium to high-power applications [5].

o Flying Capacitor (FC) VSIs: Flying Capacitor VSIs employ flying capacitors to
generate multiple voltage levels, enabling improved efficiency and reduced harmonic
distortion compared to conventional two-level VSIs. They find applications in

medium-voltage motor drives and renewable energy systems [6].

o Cascaded H-Bridge (CHB) VSIs: Cascaded H-Bridge VSIs consist of multiple
H-bridge cells stacked in series to achieve higher voltage levels with improved
waveform quality and reduced harmonic distortion. They are extensively used
in high-power applications such as grid-connected renewable energy systems and

high-voltage motor drives [7].
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The realm of advanced voltage source inverter (VSI), research has been actively engaged
in pioneering new topologies to effectively tackle specific challenges such as enhancing
efficiency, ensuring fault tolerance, and promoting modularity. Noteworthy among
these innovations are the emergence of Hybrid VSIs, T-type VSIs, Modular Multilevel
Converters (MMC), and Soft-Switching VSIs [8]-[9]. In recent years, the dual inverter
configuration has garnered significant attention, finding applications in both motor
drives and grid-connected solar inverters. This configuration stands out for its ability
to synthesize the required AC voltage while maintaining reduced DC bus potentials
in comparison to conventional setups. It is worth noting, however, that the dual
inverter configuration entails a higher count of switching devices when contrasted with
traditional inverter circuits [10]. Nevertheless, this surplus of switching devices enables
the elimination of common-mode voltage through CMV-eliminated PWM techniques,
thereby enhancing operational flexibility, especially in scenarios where a common DC
bus is employed [11]-[12]. The dual two-level inverter-fed open-end winding drive
configurations have gained researchers’ attention in variable frequency and aircraft drives.
The performance characteristics of the dual inverter in terms of common mode voltage,
DC bus utilization, phase voltage profile, and switching losses are analyzed in [13].
The closed-loop control of dual inverter operated OEWIM drive with model predictive
control (MPC) is done to eliminate the dead time effect on common mode voltage in
[14], scalar-control of dual inverter operated OEWIM for speed range extension in [15],
predictive control to balance the SoC of batteries in [16] and decoupled floating capacitor
voltage control in [17]. In recent literature, the dual inverter is used in controlling the
open-end winded permanent magnet synchronous motor (OEWPMSM) drives [18]-[19].
In [18], an advanced discontinuous PWM is proposed to reduce the switching losses in
OEWPMSM. In [19], the dual inverter is used to suppress the zero sequence current
with common mode voltage control while in [20], the dual inverter is used to reduce the
leakage current and common mode voltage. The weighting-factor less predictive torque
control scheme is proposed in [21] for OEWPMSM. In a recent scenario, the dual inverter
is popularly used in the area of aircraft drives. A dual inverter topology along with the
quasi network feeding to electric aircraft is proposed in [22] along with the common mode

voltage minimization in [23].

VSIs employ PWM techniques to convert available DC voltage into AC voltage. PWM
techniques offer the advantage of switching VSIs at higher frequencies, resulting in reduced
harmonic distortion in the output voltage. Consequently, the need for filtering to attenuate
harmonics is reduced as compared to systems without PWM techniques. The subsequent
sections provide a comprehensive literature review of various PWM techniques, elucidating

their applications and benefits in power electronic systems.
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1.4 Pulse width Modulation Techniques

Pulse width modulation techniques are employed in VSIs to switch the inverter efficiently
to ensure the production of fundamental voltage across the load with minimal distortion.
The recent literature emphasizes PWM designs that account for load current ripple.
For instance, a random PWM selective harmonic elimination technique is proposed in
[24] to eliminate specific harmonics in the output voltage. In [25], a modified SVPWM
is introduced to reduce switch overlap time for improved output waveform quality. A
staggered PWM scheme is proposed in [26] to minimize peak AC common-mode current
in three-level inverters. Meanwhile, [27] presents a level-shifted multi-carrier PWM
technique to curtail switching losses. A discontinuous space vector PWM (DSVPWM)
technique is introduced in [28] for three-level inverters to arrest output harmonics,
enhance the linear region of the modulation index, and curtail switching losses. A
hybrid space vector PWM is proposed in [29] for multi-phase 2-level VSIs, reducing
computational effort and memory usage. Additionally, [30] introduces a novel SVPWM
that utilizes smaller vectors with lower common-mode voltage (CMV) magnitudes for
T-type active impedance source inverters. In [31], an improved multi-carrier PWM
(MCPWM) is proposed for a five-level cascaded H-bridge inverter to reduce low-frequency
harmonic magnitudes from output voltages. Similarly, [32] proposes an optimal current
ripple PWM (OCR-PWM) to minimize common-mode voltage and output current ripple

for three-level inverters.

In the dual inverter segment, numerous PWM techniques have been proposed to
enhance the parameter performance for open-end winded induction motor (OEWIM) and
open-end winded permanent magnet synchronous motor (OEW-PMSM). Considering
the common mode voltage as a parameter, [33] presents a PWM technique to eliminate
common mode voltage, [34] presents the hybrid PWM technique for decreasing the
common mode voltage, [35] presents the CMV elimination PWM for the dual inverter
operating asymmetric six-phase PMSM, [36] presents the common mode voltage
reduction strategy for dual inverter-operated asymmetric OEWIM, [37] presents the CMV
minimization scheme for dual inverter-fed aircraft stator generators and [38] introduces
two contemporary balanced-mode unified common-mode voltage elimination (CMVE)
PWM techniques, offering flexibility with reference voltages and angular displacement
between dual sets of three-phase windings. Considering the power loss perspective, An
advanced CMV elimination technique is proposed in [39] to reduce the switching losses
in dual inverter by clamping one inverter and switching another inverter, An improved
PWM switching scheme is proposed in [40] to reduce the switching commutation for
dual inverter-operated OEWIM. An angular modulation scheme is proposed in [41]
aimed at reducing the switching losses in dual inverters. A clamping PWM technique is
proposed in [42] to reduce and balance the power losses in open-end winded PMSM. In

[43], an advanced discontinuous PWM technique is proposed for reducing the switching
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losses in open-end winded PMSM. A simple DPWM technique is proposed in [44] for
loss reduction in OEWIM. Other than the common mode voltage and power loss, the
PWM scheme is proposed in [45] for the dual inverter to reduce the voltage space vector
fluctuations. Similarly, in [46], the performance of the OEWIM is analyzed in terms
of the common mode voltage, DC bus utilization, phase voltage profile, and switching
losses for sub-hexagonal centered PWM. The equal and proportional duty SVPWM is
proposed in [47] to generate the four-level waveform across the OEWIM. In [48], the
hybrid over-modulation PWM technique is proposed to generate the 12-step operation.
It improves the output voltage waveform quality and reduces the harmonic distortion.
An advanced carrier phase shift modulation strategy is proposed in [49] to suppress the
high frequency current harmonics. In [50], an alternative switching PWM technique is
proposed for medium and high-speed regions of dual inverter-operated open-end winded
PMSM. A hybrid seven-level scheme is proposed for dual inverter in [51] to reduce the
number of switches and to increase the linear modulation region. A novel switching
sequence is proposed for dual inverter operated open-end winded motor in [52] to reduce
the computation burden of PWM. In [53], a carrier-based PWM technique is proposed
for low-speed operation. In [54], a dual-space vector control strategy is presented for the
open-end winding permanent magnet synchronous motor (OEW-PMSM) drive, powered
by a dual inverter using a solitary DC source. The three new PWM techniques are
proposed in [55] for dual inverter feeding an open-end winding induction motor (OEWIM)
to reduce the voltage harmonic distortion in inverter output voltage. While existing
PWM techniques primarily concentrate on parameters like reducing AC current ripple,
minimizing or reducing or eliminating the common-mode voltage and power loss ongoing

research continues to refine these methods.

VSIs function by delivering output voltage to the load through the utilization of PWM
techniques [56]. This method involves controlling the average output voltage across
the load. Any discrepancy between the average space vector and the instantaneous
output voltage results in the generation of an error voltage across the load [57]-[58]. The
magnitude and direction of this error voltage vector plays a pivotal role in determining
both load current ripple and DC bus current ripple. A comprehensive investigation into
the DC bus parameters and DC bus ripple will be elaborated upon in the subsequent

section of this literature review.

1.5 DC capacitance and DC link Ripple

In VSIs, the DC capacitor restrains the DC bus voltage by absorbing the DC link current
ripple. The high-frequency current ripple is detrimental to the life of the capacitor due
to ESR [59]-[60]. Thus the DC capacitor not only acts as the weak link in deciding the
overall reliability of the converter circuits but also contributes significantly towards the

overall size and cost of inverter circuits. Among DC link capacitors, aluminum electrolytic



10 Chapter 1. Introduction

capacitors are used widely in industries for high power processing converters considering
the capacitance value to form factor ratio [61]. Nevertheless, the offered capacitance
at higher voltage negatively impacts the DC capacitor’s overall life expectancy, size
and volume. As per the literature [62], the electrolytic capacitor failure rate is 30%
higher than the non-electrolytic capacitor. As mentioned in [63], the prolonged switching
stress is the root cause of the capacitance value diminution and eventual increment in
the capacitor’s equivalent series resistance (ESR). The rise in ESR cascaded to thermal
runaway issues and eventual failure of the capacitor [64]-[65]. Therefore researchers
have attempted to reduce the demanded capacitance value using various techniques for
improved reliability of inverter circuits. However, the trade-off between the capacitance
value and the allowable voltage ripple in the inverter’s DC link demands extensive design
evaluation to size the appropriate capacitor bank considering the DC source performance
and energy conversion efficiency [66]. Aligning with the requirement, it is recommended
to reduce the DC capacitance value without compromising the allowable DC ripple

percentage.

In attempts to model the DC bus parameters, the researchers have computed DC capacitor
RMS current switching stress using time-domain [67]-[68] and harmonic spectrum
approach [69]-[70]. The demonstrated methods used so far to compute the current stress
of the DC capacitor demands the instantaneous AC load current information sensed at the
output terminals of the load. The existing DC ripple stress computational models defined
as Saiq + Spip + Scic utilizes the sensed phase currents (iq, i, and i.) and instantaneous
switching states (S,, Sp and S.) used to evaluate the DC capacitor switching stress.
But no attempts made so far to realize the optimum switching states for minimum DC
voltage ripple. Since the inverter’s switching instances influence the current ripple, the
elicitation of instantaneous error volt-sec magnitudes for VSI is demonstrated in [71] while
computing the torque ripple of the induction motor. With the help of the instantaneous
phase current sensing model, the DC capacitor current stress for different two-level voltage
source inverter configurations is evaluated by computing the aggregate RMS value over a
fundamental cycle [67]-[72]. In [73], the anti-parallel diode reverses recovery characteristics
are considered for computing the DC ripple current stress. The research reported in
[74] concentrated on DC capacitor evaluation for the power factor correction converter.
Further, the same instantaneous current information method is extended to compute the
RMS current stress for multi-level inverters like cascaded H-bridge inverters [75], and
diode clamped inverter circuits [76]. In [77], the lifetime of the DC capacitor is predicted
for multiple drive systems by modeling the RMS current flowing through it. To reduce
the common mode voltage (CMV) and DC link capacitor current, several PWM methods
are proposed in [78] & [79]. The DC ripple analysis mentioned in [67]-[79] mainly focused
on deriving the aggregate RMS ripple stress on the capacitor and addressed neither DC

voltage ripple instantaneous variations nor its minimization.

Apart from computing DC RMS current, the researchers have used voltage ripple analysis
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to size the DC capacitor at balanced [72] & [80] and unbalanced loading conditions [81]
& [82]. Further, the voltage and current stress on the DC link are extensively examined
in [83] for two-level six-phase VSIs for the symmetric and asymmetric distribution of
load configuration. In [84] provides an analytical model for the characterization of DC
link oscillations induced by harmonic injection into the grid. However, added switching
instances and switching devices elevate the switching stress across the DC bus capacitor.
Thus, the switching stress across the DC bus needs to be evaluated carefully to choose the
appropriate DC capacitor to limit the DC bus voltage ripple within the permissible limit.
By wusing the concept of computing instantaneous error volt-seconds within the
synchronous power factor reference frame, it can effectively map AC error volt-seconds
onto the DC circuit. This innovative approach lays the foundation for developing novel
PWM techniques aimed at minimizing DC voltage ripple and DC source current ripple in
voltage source inverters. Considering the significant impact of switching PWMs on DC
voltage ripple, it becomes evident that varying switching patterns can alter DC voltage
ripple and DC source current ripple signatures without disrupting the motor’s rotating
magnetic field. However, despite this understanding, there has been limited focus on
devising PWM strategies to minimize DC bus voltage ripple in existing literature. This
scarcity of research serves as the primary motivation behind the work presented in this
thesis, which seeks to address the minimization of DC bus voltage ripple through advanced
PWM techniques.

1.6 Objectives

Building upon an extensive review of existing literature, the objectives of this thesis are

outlined as follows:

1. Minimum DC voltage ripple region investigation for discontinuous and continuous

PWM techniques for 3-phase 2-level voltage source inverter.

2. Minimum DC voltage ripple switching sequence elicitation for dual inverter through

AC load error volt-sec computation.

3. A novel switching vector sequencing method to minimize DC voltage ripple in dual

inverter drive without affecting load current ripple.

1.7 Organisation of Thesis

1. Chapter 1 provides a comprehensive review of renewable energy grid-connected
inverters and variable frequency drives. It underscores the significance of VSIs along
with PWM techniques and their influence on DC bus parameters and DC bus ripple.
Additionally, it highlights the critical functions of DC link capacitors and addresses

the effects of DC voltage and source current ripple in VSI technologies. Subsequently,
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the chapter articulates the motivation and objectives of the thesis, followed by a

structured outline of its organization.

. Chapter 2: In this chapter, the DC bus voltage ripple modeling is established as

a function of inverter switching and the load angle. The ripple model is derived
by computing the instantaneous error vector on the load reference frame. Based
on the analysis, it is identified that the ripple behaviors with the switching vary
depending on the modulation and the load characteristics; thus, it is necessary to
investigate appropriate switching to realize minimum DC voltage ripple at a given
modulation and load characteristics. Considering the requirement, different PWM
techniques, including continuous and discontinuous PWMs, are analyzed to identify
the region of PWM operation to minimize the DC voltage ripple. Using the region
of PWM operation, an adaptive algorithm is proposed in this work to select the
PWM technique for minimizing the DC voltage ripple. The efficacy of the proposed
algorithm is validated experimentally by evaluating the DC bus voltage ripple.

. Chapter 3: In this chapter, a mathematical model designed to assess both the

DC capacitor current and DC voltage ripple is introduced. This innovative model
captures instantaneous AC error volt-sec reflections resulting from instantaneous
switching on the DC bus via the load power factor axis. By replicating the exact
DC capacitor current, derived from AC load error volt-sec reflections, it facilitates
the derivation of an instantaneous voltage ripple model. Unlike conventional
methods, the proposed model leverages load power factor information for AC to DC
translation, eliminating the need for actual current sensing at load AC terminals,
and rendering it an offline computational method. Moreover, the proposed model,
developed in a synchronous reference frame, inherently maps AC fundamental
current to DC average current, simplifying DC ripple segregation from computed DC
bus current effectively. Leveraging these advantages, the proposed model is ideal for
devising PWM techniques to achieve minimum DC voltage ripple performance across
the DC bus of the inverter. The efficacy of the proposed model is validated on the
dual inverter operated with a common DC bus, considering the heightened switching
stress across the DC bus compared to other multi-level inverter configurations.
Furthermore, it is shown that the switching instances with alternative error volt
sequencing yield minimal DC voltage ripple within a sampling time interval in the
dual inverter configuration. These findings are experimentally verified across various
modulation and loading conditions, reaffirming the robustness of our proposed

approach.

. Chapter 4: This chapter introduces a novel dynamic switching sequence

mechanism aimed at independently positioning the active and null switching vectors
within a sampling time interval to minimize the DC side ripple performance in
OEWIM. To achieve online dynamic sequencing, instantaneous capacitor current is

mathematically modeled and demonstrates that the polarity of the capacitor current
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alone is sufficient to dynamically determine the optimal switching sequence. Thus,
the proposed polarity-based sequencing method is straightforward yet effective in
deriving the minimum DC bus voltage and DC source current ripple under varying
loading conditions (power factor angle) and modulation indices of the dual inverter
drive. While reported work focuses solely on the influence of switching sequences
on voltage ripple, the proposed sequencing methodology can be extended to PWMs
(both continuous and discontinuous) utilized for minimizing the DC voltage and DC
source current ripple performance. To showcase the effectiveness of the proposed
dynamic sequencing methodology, the AC current minimization PWMs are selected
and demonstrate that the proposed method can minimize the DC bus voltage and DC

source current ripple without compromising drive AC current ripple performance.

5. Chapter 5 presents the conclusion and future scope of the research.
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Chapter 2

Minimum DC Voltage Ripple
Region Investigation for Three-
Phase Two- Level Inverter

In VSIs, Pulse Width Modulation techniques are essential for converting DC voltage to AC
voltage at high switching frequency. During this conversion process, the current in the DC
link is switched at the same frequency, resulting in a pulsating current in the DC link. This
pulsating current comprises two main components: the average DC component supplied
by the DC source, and harmonic currents at the switching frequency supplied by the DC
capacitor. The DC link capacitor supplies harmonic currents, leading to DC voltage ripple
generation. This ripple’s magnitude depends on the DC capacitance value. A higher DC
voltage ripple necessitates a larger capacitor to maintain ripple within permissible limits.
Additionally, the peak-to-peak magnitude of the DC voltage ripple is influenced by the
placement of switching states in the PWM within each sampling interval. Each PWM
has its own dedicated switching placement pattern. This chapter focuses on analyzing
the correlation between switching states and the peak-to-peak magnitude of DC voltage

ripple, exploring various PWM techniques for three-phase, two-level inverters as follows.

2.1 Circuit configuration of three-phase, two-level inverter

The basic circuit configuration of a three-phase, two-level voltage source inverter (VSI)
feeding a load having impedance 7Z is shown in Fig. 2.1. The three-phase inverter is
powered from the DC source with voltage vg.. The DC link capacitor with capacitance
Cyc is connected at DC link to provide the alternative path to the DC ripple current.
ia, 1, 1. denotes the load phase current corresponding to leg a, b, and c. S,, Sy, S. are
the top switch switching function of the inverter. The top and bottom switches of the
corresponding leg of the inverter are complementary to each other. ig, t4., and i, are the
DC source current, DC link current, and DC capacitor current.

The three-phase, two-level inverter possesses 8 (23) switching states having six active states
and two null switching states making the hexagon as shown in Fig. 2.2(a). Here 1(100),
2(110), 3(010), 4(011), 5(001) and 6(101) are the active states, while 0(000) and 7(111) are
the null switching states [85]. The switching states divide the hexagon into six sectors as
shown in Fig. 2.2(a). Considering the reference space vector lies in sector-I, the switching
states 1(100), 2(110) and 0/7(000/111) are applied for the time T, T and Tp to generate

15
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Figure 2.2: Switching states of the three-phase, two-level inverter

the reference space vector V,..y at position 6. In order to place the V,.; at a particular
position, it is necessary to compute the dwell times of the switching states. The dwell
times of the switching states can be obtained by applying the volt-sec principle on « and

0 axes as
ViefTs cos (0) = V, T, + VT, cos (60°) (2.1)

ViefTssin (0) = VT, sin (60°) (2.2)

Where 6 is the space vector angle and T is the sampling time interval (T, = 1/Fj).
In sector-I, T, corresponds to T4, T, corresponds to T» and Tp corresponds to Ty /T7.
Similarly, in sector-1I T}, corresponds to 75, T}, corresponds to T3 and Tp corresponds to

To/T7. The sum of active and null switching times is equal to Ts and can be expressed as
Ts=T,+T,+To (2.3)

Using (2.1), (2.2) and (2.3), the switching dwell times can be obtained in sector-1 as
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Ty = T1 = mgsin (60° — 0)Ts = Tinaw — Tine (2.4)
Ty =T = mgsin (0)Ts = Tint — Trnin (2.5)
To = (1 — mqcos (30° — 0)) Ts = Ts — (Trmaz — Tomin) (2.6)

Where m, is the modulation index. Tj,42, Tmin and Tj,: are the maximum, minimum,
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Figure 2.3: Modulating wave (Ugmod), Reference waves (vgref) and offset wave (voffset) for
different discontinuous PWMs and SVPWM

and intermediate time in a sampling time interval expressed as

2T.

Trnax = % 2 MAX(Uaref y Ubyep UC»,nef) (27)
dc
2T.

Trin = VSMIN(Uaref’vbreﬁvcref) (28)
dc

T’int - _(Tma;c + Tmzn) (29)

where Vg, ;, Ub,.;s Ve, are the reference voltages corresponding to leg a, b and c of the
inverter. The placement of active and null vectors correspond to 717, 15, and Tp in a
sampling time interval, generating the continuous and discontinuous PWMs. Considering
the null vector displacement within a sampling time interval, in this work, six DPWM
techniques and one CPWM are realized as mentioned in Table-2.1 for DC voltage ripple
analysis. For realized PWMs, the corresponding reference wave variation is shown in Fig.
2.3. The difference between the reference voltage (the average fundamental voltage across
the load) and the inverter instantaneous switching voltage generates the error voltage,

which decides the DC capacitor current and DC voltage ripple. The DC voltage ripple is
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modeled in further sections to understand the effect of the above PWM techniques on the
DC bus.

Table 2.1: Switching voltage vectors applied in six sectors for the discontinuous and
continuous PWM techniques

Sector I II 11 v A% VI
0° — 300 012 723 034 745 056 761
DPWM-1 30° — 60° 721 032 743 054 765 016
0° — 309 721 032 743 054 765 016
DPWM-2 30° — 60" 012 723 034 745 056 761
DPWM MAX | 0° —60° 721 723 743 745 765 761
DPWM MIN 0° — 607 012 032 034 054 056 016
DPWM-3 0° — 607 721 032 743 054 765 016
DPWM-4 0° — 607 012 723 034 745 056 761
SVPWM 0° — 607 0127 | 7230 | 0347 | 7450 | 0567 | 7610

2.2 Mathematical modeling of instantaneous DC capacitor
current and DC voltage ripple
In sector-1, the switching states T, T, and Ty/T7 are dedicatedly used to synthesize the

Viep at the position of . In this work, the direct axis (d-axis) is aligned to the V;.; while
the quadrature axis (q-axis) is 90° lagging to the V,..; as shown in Fig. 2.4.

Figure 2.4: Instantaneous projection of switching states on d and q axis

The projection of instantaneous switching states on the d and q axes can be expressed as

2
Vdy, = gvdc(sa. cos(#) + Sp cos(d — 120°) + Sc cos(6 + 120°)) (2.10)
Vg = 2Vdc(Sa. sin(f) + Sy sin(f — 120°) + S, sin(6 + 120°)) (2.11)

3
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Where vq,,, and v,,, are the instantaneous projection of switching states on the d and g
axes. Sy, Sp and S, are the instantaneous switching states corresponding to inverter legs
a, b and c. The projection of switching state 1(100) on the d and q axis can be referred as
Vdsw, and vge,, while the projection of switching state 2(110) on the d and q axis can be
referred as vgsy, and vgsw, as shown in Fig. 2.4. The projection of null switching states
(0(000)/7(111)) on the d-q axes is zero as the null state is not contributing in generating
the output voltages. Similarly, the projection of the fundamental space vector (vf) on

the d and q axes can be expressed as

Vd,op = Uref = Ma— Vg, =0 (2.12)

|
TN
| 2 2
7 |
- > : - L, 1 Oy Ay
o7 d-axis d-axis
2 | |
N ) ! .
| -axis iq-axis
v 1 1 IR AN
T T s ripple > 4 d-axis ripple i *daxis ripple_’
(a) DPWM-2, DPWM MAX and (b) DPWM-1, DPWM MIN and (¢) SVPWM
DPWM-3 DPWM-4

Figure 2.5: Error voltage vector trajectory in d-q plane for different DPWMs and CPWM
(SVPWM)

In the case of space vector-based advanced PWM techniques, the linear range of the
modulation index (m,) is 0.866 (v/3/2). To consider the effect of linear modulation range,
the (2.12) can be modified as

ma Ve . M Ve

ref:\/§/27_ /3

Vg (2.13)
The error vector is defined as the disparity between the reference space vector and the
instantaneous switching vector [10]. The projection of this error vector onto the d and q

axes can be formulated as:

Vderr = vd'ref = Vdgo s Vgerr = v‘hef ~ Vgsw (214)

Where vg,,, and vg,,, are the d and q axis error voltages. By computing the error voltages
on the d and q axes, the error volt-sec trajectory is drawn for DPWM-1, DPWM-2, DPWM
MAX, DPWM MIN, DPWM-3, DPWM-4, and SVPWM as shown in Fig. 2.5. From Fig.
2.5 it is observed that the d-axis ripple is lesser in SVPWM while it is higher in all the

derived DPWMs in this work. Now, in order to understand the effect of varying loads on
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the DC bus voltage ripple, it is necessary to define the length of the load axis (Z) and its
deviation from the fundamental reference space vector (6). The length of the load axis

and its deviation can be expressed in the form of load resistance and reactance as

Z = rcos(8) + x;sin(6); 6 = tan™ ! (%) (2.15)

Where Z, r and z; are the per-phase output impedance, resistance, and reactance. ¢
denotes the load impedance angle. The equivalent AC impedance reflection on the DC

side can be represented as

Zge = (r/mg) cos(0) + (z1/myg) sin(d) (2.16)

Where Z4. denotes the equivalent AC impedance seen by the DC bus. From (4.19), it can
be observed that when m, = 0, the load isolates itself from the source, and no current
flows from the source to load. In this scenario, Zy. is infinite. Similarly, when m, = 1,
the AC load directly connected to the DC bus shows AC per phase impedance equal to
DC impedance. The projection of the d-axis error and g-axis error on the load-axis gives
the idea of analyzing the effect of AC side quantities on the DC domain. To do the DC
voltage ripple analysis, two more axis defined as dl and ¢l. Here ”1” specified with the
load reference frame. dl-axis is coinciding with the active power consumed by the load
while ¢l axis is coinciding with the reactive power consumed by the load. The projection

of instantaneous error on dl — gl axis can be mathematically represented as

vdlerr — CO'S (6) Sin (5) /Uderr (217>
Uqle'r'r —sin (5) COs (6) UQETT
Where vg,,, and vg,,, are the error voltage projection on dl and ¢l axis. Using (2.10),
(2.11), (2.13), (2.14) and (2.17), the error voltages on dl and ¢l axis can be expanded as

Vdlerr = mf/‘;dc cos(6) — ;Vdc(‘s’a cos(6 — &) + Spcos(6 — § — 120°)

+ S.cos(6 — 0 — 2407)) (2.18)
- m\“/‘gdc sin(0) — gvdc(sa sin(0 — 6) + S, sin(0 — & — 120°)

+ Scsin(6 — 6 — 240°)) (2.19)

Using (4.19) and (2.17), the DC capacitor current on dl and ¢l axis can be expressed as
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. _ Udlerr oA _ Uqler'r'
beqr = Zte sleq = Zae (2.20)

Expanding (2.20) using (4.19), (2.18) and (2.19) as

ﬁ% Ma 2 Sq cos(f — ) + Spcos( — & —120°)

legy = le = - o (ﬁ cos(d) — 3(
+ S.cos(f — & — 240%))) (2.21)
e = ?%(n\}% sin(d) — %(Sa sin(f — &) + Sy sin(f — & — 120°)
r? +
+ Sesin(6 — & — 240°))) (2.22)

Where i, and i, are the dl and gl axis component of DC capacitor current. In real-time,
only i., component is the actual current flowing through the DC capacitor. Using (2.21),

the instantaneous variation of DC bus voltage ripple can be mathematically modeled as

1 .
AVdC = %/lcdl.dt (223)
_MaVde_ / —= cos(0) — (2/3)[Sq cos(0 — 9) + Spcos(0 — 6 — 120°)
2Cdc \/72 + a? ’
+ Sccos(0 — 6 — 240°)]).dt (2.24)

Where AV, is the instantaneous DC bus voltage ripple corresponding to each switching

state. The DC voltage ripple corresponding to timings 71, T> and Ty can be written as

2
AV = L3 MaVie (Ma o5 (3/3)]cos(0 — 8)]).sin (60° — 0) T (2.95)
Vo 20 [2 + a2 V3
2
AV V3 M(ma cos(0) — (2/3)[cos(0 — &) + cos(f — 6 — 120°)]) sin (0) T
’ 2Cdcq/r2+x12 V3
(2.26)
2
AViizy) = o —Malde (1 0 cos(30° — 6)) . cos(8)T, (2.27)

2Cdc /T2+£Cl2

With the above-mentioned voltage ripple slopes, the peak-to-peak DC bus voltage ripple

can be obtained as

A‘/PP = mam(‘AVdc(Tl)L |AVdc(Tg)|7 |AVdC(TO)D (228)

where AV, is the peak to peak DC bus voltage ripple in a sapling time interval (7). From
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(2.24), it is observed that the DC voltage ripple has a strong dependency on the modulation
index (m,) and load impedance angle (§). To understand the effect of different PWMs on
the DC voltage ripple, two conditions are considered where § = 30° (resistance dominant

load) and 6 = 60° (inductor dominant load) as mentioned in a subsequent section.

2.3 Comparison of Different PWM techniques with respect
to DC bus voltage ripple

The instantaneous variation of DC capacitor current on dl—axis gives the actual DC bus
voltage ripple for any inverter topology. As observed from the (2.24), the instantaneous
variation of DC voltage ripple is the function of the switching states. The placement
of switching states decides the peak-to-peak DC bus voltage ripple. For analyzing the
DC voltage ripple, two load compositions are considered. The first load composition is

adjusted towards the resistance dominating load, and the load angle is kept at 30°.

2.3.1 At § =30° (Resistance dominating load)

At § = 307, the load power factor axis (dl— axis) is phase lag to the d-axis at 30° and the
projection of d-q error vector trajectory (shown in Fig. 2.5) on dl — ¢l plane is shown in
Fig. 2.6 (left). The corresponding projection of the error voltage trajectory on the dl—axis
is shown in Fig. 2.6 (right). From Fig. 2.6, it is observed that in sector-1, the DPWM-2,
DPWM MAX and DPWM-3 gives the maximum DC voltage ripple of 2 p.u. as shown
in Fig. 2.6(a) (right). The DPWM-1, DPWM MIN and DPWM-4 gives the moderate
DC voltage ripple (1.6 p.u.) as shown in Fig. 2.6(b) (right) while SVPWM generates the
minimum DC voltage ripple (1.3 p.u.) as shown in Fig. 2.6(c) (right).

In sector-2, the error voltage trajectory on dl — ¢l plane is shown in Fig. 2.7 (left) and the
corresponding DC voltage ripple is shown in Fig. 2.7 (right). In sector-2, it is observed
that the peak-to-peak DC bus voltage ripple is higher in DPWM-2, DPWM MIN and
DPWM-3 of magnitude 2 p.u. (as shown in Fig. 2.7(b)), moderate in DPWM-1, DPWM
MAX and DPWM-4 of magnitude 1.6 p.u. (as shown in Fig. 2.7(a)) and minimum in
SVPWM of magnitude 1.3 p.u. (as shown in Fig. 2.7(c)). From the above analysis, it is
observed that DPWM-MAX give the highest DC bus voltage ripple in sectors 1, 3, and 5,
while it gives a moderate DC voltage ripple in sectors 2, 4, and 6. Similarly, DPWM MIN
gives the highest DC bus voltage ripple in sectors 2, 4, and 6 while it gives a moderate DC
voltage ripple in sectors 1, 3, and 5 at 6 = 30°. From the above analysis, it is observed
that the SVPWM gives the lowest DC bus voltage ripple at § = 30°. The sector-wise
p-u. DC bus voltage ripple variation is tabulated in Table-2.2 for all the PWM techniques
mentioned in this work.

From Table-2.2, the minimum DC voltage ripple in SVPWM indicates that the SVPWM
gives better performance of DC voltage ripple for the load having lesser 4 compared to all
DPWMs.
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Figure 2.6: Error voltage vector trajectory in dl — ¢l plane (left) with peak to peak DC
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Table 2.2: Sector-wise p.u. DC voltage ripple variation for DPWMs and SVPWM at
f = 15° and § = 30°

Sector I I [0 [IV [V [ VI [ MAX(, II,
11, IV, V,
VI)
0° — 30° 16 |16 [16 |16 |16 | 1.6
DPWA-1 30° — 60° 2 2 2 2 2 2 2
0° — 30° 2 2 2 2 2 2 2
DPWM-2 30° — 60° 16 |16 |16 | 1.6 | 1.6 | 1.6
DPWM 0° — 60° 2 1.6 |2 16 |2 16 |2
MAX
DPWM 0° — 60° 1.6 |2 16 |2 1.6 |2 2
MIN
DPWM-3 0° — 60° 2 2 2 2 2 2 2
DPWM-4 0° — 60° 16 [16 |16 |16 [ 16 [ 1.6 |2
SVPWM 0° — 60° 13 [13 13 |13 |13 [13 |13

2.3.2 At § =60° (Inductor dominating load)

From the above analysis, it is observed that the DPWM-1, DPWM-2, DPWM MAX,
DPWM MIN, and DPWM-3 produce the same DC bus voltage ripple in a fundamental
cycle of load voltage. Due to this, DPWM-3, DPWM-4, and SVPWM are considered for
the further analysis of DC voltage ripple at § = 60°. At § = 60°, the load axis is shifted
from the reference space vector (V,.r) by 60°. The error volt-sec trajectory on dl — gl
plane is shown in Fig. 2.8(a)(left) for DPWM-3, Fig. 2.8(b)(left) for DPWM-4 and Fig.
2.8(c)(left) for SVPWM. The projection of error volt-sect trajectory on dl—axis gives the
DC bus voltage ripple as shown in Fig. 2.8 (right). From Fig. 2.8, it is observed that
the DC bus voltage ripple is highest in DPWM-3 of magnitude 1.8 p.u. (shown in Fig.
2.8(a)(right)), moderate in SVPWM of magnitude 1.3 p.u. (shown in Fig. 2.8(c)(right)),
and minimum in DPWM-4 of magnitude 0.96 p.u. (shown in Fig. 2.8(b)(right)). The
sector-wise p.u. DC bus voltage ripple variation is tabulated in Table-2.3 for all the PWM
techniques mentioned in this work. It is observed from Table-2.3 that the DPWM-4
generates the minimum DC bus voltage ripple at § = 60° compared to all discontinuous
and continuous PWMs.

The variation of DC bus voltage ripple with respect to modulation index for all the
mentioned PWM techniques by keeping the switching frequency constant for all the PWMs
is shown in Fig. 2.9(a) for § = 30° and in Fig. 2.9(b) for § = 60°.

From Fig. 2.9 it is observed that the peak-to-peak DC voltage ripple (AV,,) increases
when the modulation index (m,) increases. From Fig. 2.9(a) it can be observed that
at § = 30°, the SVPWM produces minimum DC bus voltage ripple at all modulation
indexes (m,). Similarly, it is also observed From Fig. 2.9(b) that at § = 60°, the SVPWM
generates the minimum DC voltage ripple from m, = 0.1 to m, = 0.4, while DPWM-4
generates the minimum DC bus voltage from m, = 0.4 to m, = 1. The above analysis
shows that the SVPWM is suitable for the lower § while the DPWM-4 is suitable for the
higher delta with higher m,. Considering discontinuous PWMs, DPWM-4 will generate
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Table 2.3: Sector-wise p.u. DC voltage ripple variation for DPWMs and SVPWM at
f = 15° and § = 60°

Sector 1 1I 111 v A% VI MAX(I, II,
I, 1V, V,
V1)
0° — 30° 096 [ 096 | 096 | 096 | 0.96 | 0.96
DPWM-L 1 300 600 1.8 (1.8 |18 |18 |18 |18 |18
0° — 30° 1.8 1.8 1.8 1.8 1.8 1.8 1.8
DPWM-2 30° — 60° 096 [ 096 | 0.96 | 096 | 0.96 | 0.96
DPWM 0° — 60° 1.8 0.96 | 1.8 0.96 | 1.8 0.96 | 1.8
MAX
DPWM 0° — 60° 096 | 1.8 096 | 1.8 096 | 1.8 1.8
MIN
DPWM-3 0° — 60° 1.8 1.8 1.8 1.8 1.8 1.8 1.8
DPWM-4 | 0° — 60° 0.96 | 096 | 0.96 | 0.96 | 0.96 | 0.96 | 0.96
SVPWM 0° — 60° 1.3 1.3 1.3 1.3 1.3 1.3 1.3
1 w 11— ‘
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< | ~oPwm2 3 | +opwm2
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Figure 2.9: Peak to peak DC voltage ripple variation for different PWM techniques with
respect to modulation index (m,)

the lowest DC bus voltage ripple as compared to all DPWDMs at all load angles (§) and
modulation index (m,). From the above analysis, it is observed that only SVPWM and
DPWM-4 give a lesser DC bus voltage ripple at different conditions.

The 3D plot of DC voltage ripple with respect to modulation index (m,) and load angle
(0) are shown in Fig. 2.10(a) and Fig. 2.10(b). Using 3D plots, the region of operation for
SVPWM and DPWM-4 is defined as shown in Fig. 2.11. Fig. 2.11 specified the regions
for PWM techniques which give the minimum DC bus voltage ripple. In Fig. 2.11, the
orange area shows that in this region SVPWM generates the minimum DC bus voltage
ripple while the blue area shows that in this region DPWM-4 gives the minimum DC bus
voltage ripple. Based on the analysis, the characteristics shown in Fig. 2.11 are divided

into three regions:

e Region-1: This region is in between § = 0° to = 30°. In this region, only SVPWM

generates the minimum DC bus voltage ripple.
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Figure 2.11: Region of PWM operation to get the minimum DC bus voltage ripple

e Region-2: This region is in between § = 30° to § = 80°. In this region, SVPWM
as well as DPWM-4 generates the minimum DC bus voltage ripple. The red line
divides the SVPWM region and DPWM-4 region. The slope of the line is defined
as Y = 1.6 — (6/50). If the modulation index is lesser than Y then SVPWM is
selected for switching the inverter. Otherwise, DPWM-4 is selected for switching

the inverter.

e Region-3: This region is in between § = 80° to § = 90°. In this region, only DPWM-4

generates the minimum DC bus voltage ripple.

From Fig. 2.11, it is observed that the SVPWM generates a minimum DC voltage ripple
when the § is lesser while at a higher §, the DPWM-4 gives the minimum DC voltage

ripple.
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Figure 2.12: Algorithm of region-based PWM selection for minimized DC voltage ripple

2.3.3 Algorithm of region-based PWM selection for minimized DC
voltage ripple

To select the PWM techniques based on the characteristics shown in Fig. 2.11, an
algorithm is developed to minimize the DC voltage ripple. The step-wise block diagram
of the algorithm is shown in Fig. 2.12. The detailed step of the algorithm is explained

below.

Step-1: This step includes the generation of reference waves based on the m, and 6.
Va,o; = (1/2)ma Ve cos(0)
Vb, = (1/2)mqVae cos(0 — (27/3))

Vepey = (1/2)mavdc COS(H - (47T/3))

Step-2: Computation of line sequence-2
Vab = Uamf - Ub,ref
%C = /Ubref - vcref

Vea = Verey = Vares
Step-3: Computation of switching states corresponding to 75

if Vp=+ve then Sy, = 1 else Sy, =0
if Vye=+ve then Sp, =1 else Sp, =0
if Vog=+ve then S., =1 else S., =0

Step-4: Computation of logic function Q
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Q = Sa,-Sp, + Spy-Sey + Sey-Sa

Step-5: Computation of timings corresponding to reference sine waves

Tos = Vayes (T /Vdc)
Tys = Ub,e s ( S/VdC)
Typs = Ucref( Ts/Vae)

Step-6: Computation of Tynae, Tmin and Ty,
Tnaw = Max(Tys, Tys, Tes)
Tnaw = Min(Tos, Ths, Tes)
To = Ts — (Trmax — Tinin)

Step-7: Generation of PWM techniques

« SVPWM

if T, >= 0 then

Toffset = 0.5T, — Trnin

Sa =dgs + Toffset

Sb = Tbs + Toffset

Sc =Tes + Toffset

else

Toffset = —Thin

Sa = (Tas + Toffset)(Ts/(Tmaaz - Tmzn))
Sb = (Tbs + Toffset)(Ts/(Tmax - Tm'm))
Sc - (Tcs + Toffset (Ts/(Tmaac - Tmzn))

end
« DPWM-4
if ) == 1 then

Toffset = —Tmin

Sa =dgs + Toffset
Sb = Tps + Toffset
Sc = Tcs + Toffset
else

Toffset =To — Tmin
Sa =dgs+ Toffset
Sb = Tbs + Toffset
Sc = Tcs + Toffset
end

Step-8: Sensing the output three-phase currents

Step-9: Transferring three-phase current into d-q quantities and computation of load angle

(9)
ig = igcos(f) + ip cos(f — 120°) 4 i. cos(6 — 240°)
iq = iqsin(0) + iy sin(0 — 120°) + i sin(6 — 240°)
§ = tan ! (iy/iq)
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Step-10: Defining the region of operation

if 6 <= 30° then
| Y==1;
else
if 6 >= 80° then
| Y=0;
else
me, = (6/50) — 0.6
if mg >= mg, then
| Y=1;
else
Il Y=0
end

end
end

Step-11: If Y==1 then pass SVPWM else pass DPWM-4

2.4 Results and Discussion

The proposed regional-based DC voltage ripple minimization algorithm is validated on the
lab-developed prototype shown in Fig. 4.11. The experimental setup consists of semikron
IGBT switches (SKM75GB12T4) based inverter, gate driver circuits, and AC loads. The
proposed algorithm is implemented on the C2000 (TMS320F28379D) microcontroller
interfaced with the gate drive circuit for triggering the inverter by taking the current
feedback through the current sensor (LEM-LA55P).

Figure 2.13: The lab experimental connection diagram of three-phase, two-level inverter
with DSP control board and interfacing systems

The operating parameters of the prototype for validating the proposed algorithm are
tabulated in Table-2.4.

The variations of different reference wave patterns shown in Fig. 2.3 are generated using
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trace) at § = 30° and m, = 0.7
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Table 2.4: Experimental operating parameter of grid-connected inverter

Parameters Symbol | Values | Units
Power P 1.26 kW
DC bus voltage Vie 600 A\
Fundamental frequency E, 50 Hz
Switching Frequency F; 2400 Hz
DC link capacitor Clye 600 uf
Load Resistance r(6 = 307) 52 Q
Load Inductance 1(6 = 30Y) 96 mH
Load Resistance r(d = 60°) 30 Q
Load Inductance 1(6 = 60°) 166 mH

DSP C2000 (TMS320F28379D) to elicit continuous and discontinuous PWMs. For all
generated PWMs (continuous and discontinuous) mentioned in the previous section, the
DC bus voltage ripple and capacitor current ripple behaviors at different power factor
angles (0 =30°) and (6 =60°) are shown in Fig. 2.14 and Fig. 2.15 respectively. At
mg = 0.7, it is observed From Fig. 2.14 that all the discontinuous PWM give higher DC
bus voltage ripple (DPWM-1 (AVy. = 620 mV), DPWM-2 (AVy. = 680 mV), DPWM
MAX (AVy. = 720 mV), DPWM MIN (AVg. = 720 mV), DPWM-3 (AVy. = 720 mV),
DPWM-4 (AVy. = 680 mV)) while the SVPWM gives minimum DC bus voltage ripple of
480 mV. Further, it can be seen from Fig. 2.14(c), that the DPWM MAX and DPWM
MIN give different voltage ripples at different sectors due to clamping and non-clamping
regions as highlighted in the third and fourth row of Table-2.2. However, at lower power
factor angles, the SVPWM yields the minimum DC bus voltage ripple in all the sectors
as evident from Fig. 2.14.

On the other hand, the hardware results shown in Fig. 2.15 at m, =0.7 and § =60°clearly
indicate that the peak-to-peak DC bus voltage ripple is minimum in DPWM-4 (500 mV as
shown in Fig. 2.15(f)), moderate in DPWM-1 and SVPWM (600 mV and 560 mV as shown
in Fig. 2.15(a) and Fig. 2.15(g)) and maximum in DPWM-2, DPWM MAX, DPWM
MIN and DPWM-3 (700 mV, 760 mV, 760 mV and 760 mV as shown in Fig. 2.15(b),
Fig. 2.15(c), Fig. 2.15(d) and Fig. 2.15(e) respectively). From the experimental results
depicted in Fig. 2.14 and Fig. 2.15, it is clearly evident that the § variations reflected
in the change of DC voltage ripple correspond to PWM techniques used as substantiated
theoretically in section-2.3.1 and 2.3.2. It clearly shows that, the requirement of transition
from SVPWM to DPWM-4 with the increase in § for optimum voltage ripple realization
adaptive to the load variation. The corresponding transition of the PWMs with a change

in load is depicted in Fig. 2.16.

From Fig. 2.16, it is visible that at 6 =60°, with the change m, from 0.3 to 0.7, the
selection of PWM adaptively changes from SVPWM to DPWM-4. With the change to
DPWM-4, the DC bus voltage ripple is 500 mV as shown in the bottom trace of Fig.
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Figure 2.16: Variation of phase current (top trace), DC capacitor current (second trace),
Modulating wave (third trace), and DC voltage ripple (bottom trace) for selection of PWM
based on region-based characteristics for the transition of m, = 0.3 to m, = 0.7 at § = 60°.

2.16(a). Whereas with SVPWM thought the change in m,, the voltage ripple at m,=0.7
is observed as 560 mV as shown in Fig. 2.16(b). With the adaptive change of PWMs
corresponding to the mg, the realized phase voltage, and phase current are depicted in
Fig. 2.17. From Fig. 2.17, it is evident that the realized current across the load with both
SVPWM and DPWM-4 is sinusoidal in nature. Finally, it can be concluded that with the
change in m, and § the DC bus voltage ripple can be minimized with the corresponding

selection of PWMs as proposed in this work.

Vamod(2 V/div) R =i e Vamod[? V/div)

b~ b~ ) /\\ ) /-\'\

® /"{
Van(500 V,/div)

time(10 msec/div) it 1 Mot i ‘ i i

(a) ma = 0.3 (SVPWM) (b) ma = 0.7 (DPWM-4)

Figure 2.17: Variation of modulating wave (top trace), phase voltage (middle trace), and
three-phase current (bottom trace) for mg = 0.3 (SVPWM) and m, = 0.7 (DPWM-4).

2.5 Conclusion

In this work, the region of operation of different DPWMs and CPWMs is identified for
three-phase, two-level VSI, considering the minimum DC voltage ripple criterion. To

identify the region of operation, the DC capacitor current is mathematically modeled using
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the computation of error voltage on d-q axes and then the projection of error voltage on
dl — ql axes. The DC capacitor current on the dl axis gives the actual DC capacitor
current. Using the DC capacitor current on dl-axis, the DC voltage ripple is modeled.
Using a mathematical model of DC voltage ripple, the discontinuous PWMs (DPWMs) and
continuous PWMs (CPWMs) are analyzed in the direction of minimum DC voltage ripple
for § = 30° and § = 60°. After analysis, it is found that the DPWM-4 and SVPWM only
generate the minimum DC voltage ripple. Based on the analysis, the region of operation
of SVPWM and DPWM-4 is identified using modulation index (m,) and load impedance
angle (). Using the region of operation, an algorithm is developed to adaptively select
the PWM technique for minimizing the DC voltage ripple. The experimental result shows
that the SVPWM generates the lesser DC bus voltage ripple of 480 mV at é = 30° while
DPWM-4 generates the minimum DC voltage ripple of 500 mV at § = 60°.



Chapter 3

Minimum DC Voltage Ripple
Switching Sequence Elicitation for

Dual Inverter

In recent years, the dual inverter configuration with a common DC link has gained
significant attention for applications in both motor drives and grid-connected solar
inverters. This configuration is notable for its ability to generate the required AC
voltage while maintaining lower DC bus potentials compared to conventional setups
[11]. In three-phase two-level based solar inverters, higher input DC voltage is achieved
by connecting solar panels in series, which can lead to Potential Induced Degradation
(PID) in large-scale installations. This is due to elevated system voltages and specific
environmental conditions. PID negatively affects the performance and lifespan of solar
panels [86]. The dual inverter, with its common DC link, requires a lower DC bus voltage
to achieve the same output voltage, thereby reducing the PID effect and extending the solar
panel lifespan. Despite the higher switch count in dual inverters for solar applications,
which increases system costs, the cost of solar panels outweighs the cost of inverters
significantly. Moreover, in motor drive applications, the surplus of switching devices in
dual inverters allows for the elimination of common-mode voltage using CMV-eliminated
PWM techniques. This enhances operational flexibility, especially in systems employing
a common DC bus [11]-[12]. Considering the applicability of the dual inverter with a
wide range of applications, this chapter extends the DC voltage ripple analysis to the dual

inverter with varying power factor angles.

3.1 A single stage dual inverter configuration with common
DC bus

The circuit configuration of the dual inverter with common DC link is shown in Fig. 3.1.
The two 3 phase 2 level inverter are connected back to back to make the dual inverter.
An open end load is connected between the inverter-1 and inverter-2 with resistance (r)
and reactive impedance (z;). S, is the inverter-1 switching function corresponding to
phase-a, s is the inverter-1 switching function corresponding to phase-b and s. is the
inverter-1 switching function corresponding to phase-c. Similarly, s/, sj, s, are referring

to inverter-2 a’-phase, b’-phase and c¢’-phase switching states. In both the inverters, each

37
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pole switching state varies between 1 (ON) and 0 (OFF), and the pole’s top switch is

instantaneous complementary to the bottom switch.

I’dcs I’dc
>
.
q
p C2 =
Solar
Panel

INVERTER-1 INVERTER-2

Figure 3.1: The solar-powered dual inverter configuration with common DC bus

The dual inverter switched in the average sense using the instantaneous switching state.
While switching in the average sense, the individual inverter generates the common mode
voltage. The difference between the common mode voltage of the individual inverter
defines the overall common mode voltage of the dual inverter. The common mode voltage

analysis is presented in the subsequent subsection.

3.1.1 Common Mode Voltage

l dfs

Solar |_ .
Panel

Figure 3.2: Circuit configuration to compute the common mode voltage of the inverter-1
in a dual inverter configuration

Depending upon the switching state selection to realize the load space vector, the
magnitudes of the common-mode voltage variation can be computed in a dual inverter

by taking the difference of the common mode voltage of the inverter-1 and inverter-2.
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The common mode voltage is the voltage which is present between the load neutral and
the DC capacitor bank mid-point or negative terminal of the DC bus. In this chapter,
negative terminal of the DC bus is used to measure the common mode voltage. The
dual inverter with the common DC link uses the open end load. Thus to compute the
common mode voltage of the dual inverter with single DC link, the common mode voltage
of the individual inverter should be computed firstly. Consider the circuit where inverter-2
forms the neutral as shown in Fig. 3.2. From Fig. 3.2, the common mode voltage for the

inverter-1 can be computed as

Vdc(sa + sp + Sc)
3

Vemy, = (3.1)

Where Vioasy, is the common mode voltage of the inverter-1 measured between the neutral
point "n” and DC bus negative terminal. If a leg top switch is ON then S, = 1 and if
it OFF then S, = 0 in (3.1). Similarly follows for leg b and c. Using (3.1), the common

mode voltage of inverter-1 is computed and tabulated in Table-3.1.

Table 3.1: Common mode voltage of inverter-1 corresponding to eight switching states

Switching states | 8(000) | 1(100) | 2(110) | 3(010) | 4(011) | 5(001) | 6(101) | 7(111)

0 Vac 2Vac Vac 2Vac Vac dic Vie

Vemv, 3 3 3 3 3

Similarly, to compute the common mode voltage of the inverter-2, the circuit configuration

is as shown in Fig. 3.3.

Laes ldc
> »

2

C12 —

— C12 =/
Solar

Panel

INVERTER-2

Figure 3.3: Configuration to compute the common mode voltage of the inverter-2 in a
dual inverter

From Fig. 3.3, the common mode voltage for the inverter-2 can be computed as

Vdc(sa’ + Sy + Sc’)
3

Vemrv, = (3.2)

Using (3.2), the common mode voltage of inverter-2 can be tabulated as

The common mode voltage of the dual inverter is the difference between the common
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Table 3.2: Common mode voltage of inverter-2 corresponding to eight switching states

Switching states | 8'(000) | 1°(100) | 2°(110) | 3°(010) | 4(011) | 5°(001) | 6'(101) | 7'(111)

Ve 2Vic Vi 2V Ve 2Vic

Vomv, 0 3 3 3 3 3 3 Ve

mode voltage of the individual inverter which can be expressed using (3.1) and (3.2) as;

((sa = 50) + (sp = 83) + (8¢ — 5¢))
3

Vemv = Veurv, — Vemve = Vae (3.3)

Where Vo is the common mode voltage of the dual inverter. Each inverter in a dual
inverter posses the 8 (23) switching state. Hence the total 64 (8 x 8= 64) switching
combination is possible in the case of dual inverter which is tabulated in Table-3.3 along

with there common mode voltage.

Table 3.3: Common mode voltage of dual inverter corresponding to 64 switching states

Switching states | 8(000) | 1(100) | 2(110) | 3(010) | 4(011) | 5(001) | 6(101) | 7(111)
? Vc Vc Vc Vc Vc VC

B(000) U S I U I T
2’(110) ?dc —de V() e ‘9 Va VO 250
3’(010) jic 3 de 8 g 3 e ngc
4°(011) ZE 0 T 0 = o o
5'(001) Vi 0 i 0 gc 5 @ =
6°(101) —=2 Ve Vae 0 Vi 0 Vie 0 Vic
77(11 1) _Vvdc *Q?ch *gdc *2§/dc *‘3/dc 72?§/dc —‘gdc 0

The dual inverter with common DC link can only operate with the switching states
that gives the zero common mode voltage. In this chapter, the exclusive switching
locations/states with zero common-mode voltages are used to make the reference voltage
space vector (V;.r). The space spread of the zero common-mode voltage yield switching

locations is shown in Fig. 3.4.

B-Axis |J(26°,357)

P(53°,62°)
Dual Inverter Hexagon

Figure 3.4: On the left, the switching vector positions of Inverter-1 and Inverter-2 are
depicted, while on the right, the dual inverter’s zero common-mode voltage (CMV)
illustrates the switching space vector locations.
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To operate the dual inverter effectively, calculating the switching dwell time for its
switching states is essential. The procedure for computing the switching dwell time is

detailed in the following subsection.

3.1.2 Switching Dwell Time Computation

The primary objective of the dual inverter configuration is to realize the load reference
voltage space vector defined as:
Vie = ma.Vyce? (3.4)

Where ‘Te; is the fundamental reference space vector of the dual inverter, m, is the
modulation index, V. is the DC bus voltage and 6 is the phase shift of the ‘_/;e—; from «
axis as shown in right side figure of Fig. 3.4. But, due to insufficient switching resources,
the VSIs synthesize the demanded space vector in an average sense by equating the volt-sec

of the load space vector and inverter switching vectors in a sampling time interval (7y) as:
—
ViefTs = VT + V. T, + Vo'Tp (3.5)

Here V,, V,, and Vj are the switching vectors of the dual inverter configuration can be

derived depending upon the dual inverter switching states as:

‘ZZ = Viel(sa — 55)e70 + (s, — sg)e(—ﬂ?OO) + (8¢ — sf:)ejmo] (3.6)
In (3.4), m, controls the magnitude of output fundamental space vector. 6 is the rotational
angle of the space vector. From the identified space locations HILNPR (active) O (null)
shown in Fig. 3.4, it is evident that the load space vector can be realized in an average
sense with two active vector (V, and V) and null vector (V) as depicted in (3.5). The
space vector position in a hexagon shown in Fig. 3.4 decides the selection of active and
null vectors. For instance of load space vector in sector-1, the V,, and V;, depicted in (3.5)
represent Vi and Vg respectively. Whereas in sector-2, Vi become V., and V; equal to
Vy (referring to Fig. 3.4). Along with the active and null vectors, the corresponding dwell
times of the switching vector play a crucial role in the realization of the load space vector
in a sampling time interval (T5). In this work, the dwell times (T, T, and Tp) of the
active switching vectors V;, Vj, and null vector Vj respectively computed by considering
T, +Ty+To="1Ts as:

T, = mqsin(n.60° — 0)T, (3.7)
T, = mgsin(6 — (n — 1)60°)Ty (3.8)
To=Ts — (T +Tp) (3.9)

Here n varies from 1 to 6 depending upon the load space vector position. Since the
load space vector realization is accomplished in an average sense with available switching
states of the inverter, the error voltage at the AC side contributes to the instantaneous

load current. The computational method of deriving the DC voltage ripple through
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instantaneous AC load error voltage space vector prediction is explained elaborately in

the subsequent section.

3.2 Modelling of DC voltage ripple through instantaneous

AC load error voltage

The selection of the switching states with zero common-mode voltage to realize the load
space vector (V;.r) in the average sense is demonstrated in the preceding section. The
common-mode voltage elimination gives the flexibility to operate the dual inverters with
the common DC bus, as shown in Fig. 3.1. Thus, the single DC capacitor bank is sufficient
to handle the dual inverter’s switching stress and the load’s reactive power requirement.
In this work, the DC capacitor instantaneous current model is derived considering the load
—> .
space vector (V;.r) in the synchronous reference frame. In a synchronous reference frame,

the load space vector composed of three-phase voltages can be represented as:

vg = MaVge(cos® 0 4 cos? (0 — 2%) + cos?(0 + 2%)) = gmanc (3.10)
vg = Mq Vye(sin(0) cos(8) + sin(6 — 2%) cos(f — 2%) + sin(0 + 2%)) cos(f + 2?W)) =0

(3.11)

It indicates that V. is always aligned with the d-axis irrespective of the position of the
load vector. Thus, the V.. projection on qg-axis is zero. The ‘Tef) is synthesized in an
average sense using the instantaneous switching states as demonstrated in the preceding
section. The switching vector’s instantaneous subtended components on the d-and g-axis

are computed as:

V., = Vae((8a — 55). cos(0) + (s, — sp) cos(6 — 120°) + (s, — %) cos(6 + 120°))  (3.12)

Vg = Viae((8a — 55)-sin(0) + (sp — s}) sin(0 — 120°) + (s. — s%)sin(d + 120%))  (3.13)
For an instance, the space vector (175;) is in first sector shown in Fig. 3.5(a) is realized
in average sense using the active ("R’ ,’H’) and null (O’) switching locations. In this
realization, the active switching locations projections on dg-axes computed using (3.12)
and (3.13) can be identified as Vg and Vg (with 'R’), Vg and Vg (with "H’) respectively
as depicted in Fig. 3.5(a). As it is shown in Fig. 3.5(a), YTef aligned and rotate
synchronously with d-axis, the AC fundamental frequency appear to be DC quantity
in d-q reference frame. Thus instantaneous switching components derived using (3.12)
and (3.13) helps to derive the instantaneous error voltage in the d-q axes as:

- — — ? — —
Vverrd = VUd — VUdgy s ‘/;rrq = Vg — Vg (314)

Although the load space vector V,..r is aligned with the d-axis, the fundamental current
drawn by the load is influenced by the load power factor. Thus it is necessary to consider

the load power factor to map the AC error voltages onto the DC side. Therefore, in this



Chapter 8. Minimum DC Voltage Ripple Switching Sequence Elicitation for Dual
Inverter 43

Figure 3.5: (a) The realization of Switching location projection on d-q axis while
synthesizing Vs in sector-1 (b) The load power factor references (d,s — ¢,¢) realization
using load impedance information

work, the reference power factor axis is derived from the AC load real and reactive power
information, as shown in Fig. 3.5(b). In Fig. 3.5(b), the resistance correspond to real
power (r) aligned with the d-axis and reactance correspond to reactive component (x;)
aligned with g-axis. Using the (2.15), (4.19), (2.17) and (2.20), the DC capacitor current

of the dual inverter can be expressed as:

e = mavd;smw)[(sa — Su)cos(0 — &) + (Sp — Sy) cos(f — & — 120)
+ (Se — Sy ) cos(0 — 6 + 120)] (3.15)

The DC bus current is composed of the average mean current superimposed with the
ripple current. In the ideal scenario of sufficient DC bus capacitance, the ripple current
contributed by the capacitor and average current drawn from the DC source, the average

current (i4.5) can be computed in a sampling time interval using:

1 (T tae. Ty + g0, T,
ides = 7 / ige.dt = o=t devTy = dey ¥ (3.16)
s JO S

Further, substituting (3.7), (3.8) and (3.15) in (3.16) yield to

m2Vyesin(6)
Ty

— 6 —1209)).sin(6 — (n — 1)60°)]

_ 3m2Vge. cos?(8)

N 2r

Gdes = ( Ts)[(cos(6 — &) — cos(6 — 6 — 120°)) sin(n.60° — 6) + (cos(f — &) — cos(f

(3.17)

The ripple current supported by the capacitor can be computed by subtracting the average
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current ig4.¢ (3.17) from total DC link current 4. (3.15) as:

icdpf = i4es(Avg source current) — ig.(DC' link current)

~ 3m2 Ve cos?(0) ~ mg Ve sin(6)

2r T def<')
m 3
= —— (gmavdc COS((s) - Vchdpf(‘) ) (318)
vq on dpy—azxis Vdgy ON dpf—axis

Verrprojection on dpffam's(Verrdpf)

Fy, () = [(f(sa))cos( — &) + (f(sb)) cos(f — & — 120) + (f(sc)) cos(d — & + 120)]

Similarly the icqpf computed from the error voltage projection on g, as:

, m 3 .
leq P < (imavdc SlH((S) - VdCquf(') ) (319)
! \/7? + -~
Vg ON qpf—axis Vgsyw ON Qpf—QTLS

Verrprojection on q,5—axis (‘/errqpf)

Fy, () =[(f(sa))sin(0 — ) + (f(sb))sin(d — & — 120) + (f(sc))sin(0 — J + 120)]

Here f(sa), f(sb) and f(sc) represents the VSI’s (dual inverter) instantaneous switching

state. Using (3.18) and (3.19), the capacitor current vector can be computed as:

Mg

- . Ny
le = ¢y Jlc =
pf dpf
\/r2 4 2}

With the computed i., the instantaneous ripple voltage across the DC bus can be

(‘/;rrdpf + jv:ar’/‘qpf) (320)

computed as:

1 Tsw
AV, = o .dt (3.21)
Cdc 0
Mg Tsw
AVie, = izl Verra, ,-dt (3.22)
Mg, Tsw
AVdcqpf — C’dC|Z’/0 %T’?"pr‘dt (323)

From (3.22) and (3.23), it is evident that, the error voltage vector on the power factor
axes, encapsulate the DC bus voltage ripple. Further, it can be reiterate that, the
DC bus voltage ripple exactly matches with the AV, as computed using (3.22). For
easy understanding, the DC voltage ripple elicitation through the proposed mathematical
computational procedure for a dual inverter in a sampling time interval is shown in Fig 3.6.
For voltage ripple realization, the load space vector (‘_/;e—;) is assumed to be positioned in

a sector-1. The space vector in sector-1 is realized in an average sense using the switching
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Verrdpf

__________________ -— iCdpf

)|

AVdCdpf 0 .
([ Verrdpr.dt )

(c) (d)
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Verrqpf

iquf

|
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([ Verrgpr.dt ) 0 H
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()

Figure 3.6: (a) Realisation of error vectors from switching locations (b) Error vectors
projections on d,¢ and ¢,; axes (c) Error volt-sec space vector Trajectory (d) The error
voltage magnitude, capacitor current and instantaneous error voltage integration on

dp-axis (AVy, dpf) (e)The error voltage magnitude, capacitor current and corresponding

instantaneous error voltage integration on g,s-axis (AVy, f) while realizing the space
D
vector in sector-1
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locations R, H and O. The instantaneous switching vectors exert the instantaneous error

vector as depicted in Fig. 3.6(a) can be derived as:

— — = — — = = —
Verr(y = Veer — Vi Verr(r) = Vies — VR Verr(0) = Virey (3.24)

The ascertained error vectors corresponds to the switching states of the dual inverter is
translated to the synchronous power factor coordinates (d,; and g,r-axes) using (3.18)
& (3.19). The corresponding computed error voltage segments are shown in Fig. 3.6(b).
The corresponding error voltage vector trajectory in synchronous power factor reference
frame for the complete load space vector realization in a sampling time interval is shown
in Fig. 3.6(c). From (3.18) and (3.19) it is evident that the error voltage space trajectory

is in resemblance with the capacitor current space trajectory but with the magnitude

difference of ( \/;72117) as depicted in (4.27). The error voltage and and error volt-sec
projections on the dp,; and g,; are shown in top and bottom traces of Fig. 3.6(d) and
Fig. 3.6(e) respectively. In both the cases (shown in Fig. 3.6(d) and Fig. 3.6(e)), from
top and middle traces it is clearly visible that, the error voltages on the d,; and g, axes
have a clear resemblance with the DC capacitor currents on d,; and g, axes respectively,
however, the DC capacitor current matches with the real axis (d,f-axis) component.
Further, the error volt-sec trajectory on d,; and g,y axes shown in bottom traces of Fig.
3.6(d) and Fig. 3.6(e) presents the DC bus voltage ripple in dp; and g,s respectively.
However, the instantaneous error volt sec component on real-axis (d,s-axis) (shown in
bottom trace of Fig. 3.6(d)) mimics the DC voltage ripple derived from the DC capacitor
bank.

From the erstwhile discussion, it is clear that the instantaneous error voltage derived in the
synchronous power factor reference frame characterizes the DC bus voltage ripple. From
Fig. 3.6(d) and Fig. 3.6(e), it is clear that the instantaneous error voltage magnitudes
define the DC bus voltage ripple slope. However, as elaborated in the subsequent section,
the peak ripple voltage magnitudes can be altered with error volt polarity-based switching

sequencing.

3.3 The error voltage polarity based Switching sequence

for minimum DC voltage ripple

In the preceding section, the DC bus voltage ripple is derived by exploiting the load error
voltage vector information. While deriving the load space vector with two active and null
vectors in an average sense, the instantaneous error voltages translated to the DC side
using the synchronous power factor reference frame depict the DC bus current profiles.
Since the peak DC bus voltage ripple profile is dependent on error voltage, in this work,

the error voltage polarity influence on the peak DC bus ripple is explained by considering
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two load space vector positions at 8 = 337.5° and 345°. In both sampling time intervals,
the error voltage magnitudes on d,-axis are computed for individual switching locations
R, H and O (referring to Fig. 3.4) using (3.18) by assuming m,=0.6 and § = 60°. As per

H—N—>H 0 R icdpf(?{)TH T
— chp 0)£0
. V;arrdpf MM’; 5

+

vr, =] ¢
s
>
VT,

(a) (b)

Figure 3.7: (a) The error voltage magnitude on d,¢ -axis (b) The segment-wise error
voltage integration profile on dy,s -axis. The error volt sec behavior with (c) identical
polarity error voltage yield switching instants (d)opposite polarity yield error voltage
switching placed together

the computation, the switching locations "H’ and O’ exhibits the positive error voltage
magnitude, whereas R exhibits the error voltage with negative polarity, as shown in Fig.
3.7(a). Corresponding to the error voltage magnitudes, the DC bus voltage ripple variation
for each switching states computed using (3.22) is depicted in Fig. 3.7(b). Nevertheless,
in a sampling time interval, in consecutive switching instances, the error volt-sec segments
are additive progressively, as shown in Fig. 3.7(c) and Fig. 3.7(d). It means the second
switching instant error volt-sec segment start from the tail point of the first error volt-sec
segment. Thus, the placement of the same polarity error voltage yield switching instants
together results in the same direction ripple addition as shown in Fig. 3.7(c). Whereas
with alternative polarity error voltage switching instances results in the ripple variation
in an alternative direction as shown in Fig. 3.7(d). The derived inference of volt-sec (DC
voltage ripple) variation with successive error voltage polarity switching instants is used
to derive the two switching sequencing techniques named:

1. Consecutive Error Voltage Sign Sequencing (CEVSS)

2. Alternative Error Voltage Sign Sequencing (AEVSS)

3.3.1 Consecutive Error Voltage Sign Sequencing (CEVSS)

In CEVSS, the load space vector is realized in a sampling time interval with the
consecutive use of switching states with the same error voltage polarity on d,; axis. For
ease in explanation of CEVSS, the former load space vector instances at § = 337.5° and
345° in a sector-1 are considered. In a sampling time interval corresponds to each space
vector position, the CEVSS employs the switching locations with the same error voltage

polarity on d, axis, i.e., "H" and ’O’, consecutively, as shown in the left trace of Fig. 3.8(a).

Based on the switching state selection, the error volt-sec (DC voltage ripple) space

trajectory computed using (4.27) is shown in left trace of Fig. 3.8(b). As it can be
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(a) The switching sequence of dual inverter to realize the V,..y and corresponding instantaneous error
voltage computed using (3.18)
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(c) The trajectory of error volt-sec vector projection on dpg-axis (AVge, ; computed using (3.22))
p
equivalent to DC bus voltage ripple

Figure 3.8: The elicitation of DC bus voltage ripple at § = 337.5° and 6 = 345° with
CEVSS (left traces) and AEVSS (right traces)
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identified from Fig. 3.8(b), the error volt-sec vectors m is realized with the switching
state R, Bl—Cl) and CTAl> are correspond to switching states "H’ and 'O’ respectively in
a first sampling time interval correspond to 8 = 337.5°. Similarly, the trajectory m,
ITEI and ]ETAI are realized error volt-sec vectors with switching states O, H and R
respectively at 0 = 345°. As discussed in the preceding section, error volt-sec vector
projections on the d,s-axis resemble the DC bus voltage ripple. The variation of the DC
voltage ripple by projecting the error volt-sec space vector onto the ds-axis is shown in
the left trace of Fig. 3.8(c). Here, to predict the peak DC voltage ripple in a sampling
time interval, the magnitude transitions of each projected DC voltage ripple segment
(AVy. dys computed using (3.22)) at every switching instance are tabulated in Table-3.4.
From Table-3.4 it is evident that, in two sampling time intervals, the exhibited peak-peak
voltage ripple is 2 p.u. (considering the peak error volt-sec with switching location R as
base value). In CEVSS, although the switching sequence R H O (for # = 337.5°) and O
H R (for § = 345°) considered alternatively as shown in left trace of Fig. 3.8(a), the total
of six such sequencing can be realized as shown in Fig. 3.9. It can be identified from
Fig. 3.9 that among six switching sequences, the four switching sequences are realized by
placing the same error voltage polarity yield switching instances together and falls under
the category of CEVSS, resulting in ripple voltages as shown in Fig. 3.9(a)-3.9(d). From
Fig. 3.9(a)-3.9(d), it is evident that the peak-peak ripple magnitude is 2 p.u. confirming
the uniformity in peak-peak ripple realization with CEVSS shown in the left trace of Fig.
3.8. The remaining two switching sequences are shown in Fig. 3.9(e) & Fig. 3.9(f) fall
under category of Alternative Error Voltage Sign Sequencing (AEVSS). The voltage ripple

realization with the AEVSS method is explained in the following sub-section.

Table 3.4: The elicitation of peak-peak DC bus voltage ripple (AVy, f) at = 337.5° and
P
345° with CEVSS

Sample No. Switching AV, Segment
location
Slope from | Value AVicy, s
(Fig. 3.8(c)) (P-P)
R (—)Aldl 0— (—1) p.u.
0 = 337.5° H (+)d1cr (-1)—(-0.65) p.u
0] (+)e1Ar (-0.65)—(0) p.u 2 p.u
@) (+)Aja; (0)—(0.65) p.u
0 = 345° H (+)a1b (0.65)—(1) p.u
R (-)b1A; (1)—(0) p-u.

3.3.2 Alternative Error Voltage Sign Sequencing (AEVSS)

In AEVSS, unlike the CEVSS, the switching states in a sampling time interval are selected
so that no subsequent switching state yields the same error voltage polarity. It means the
switching location 'R’ that yields the negative error voltage introduced between positive
error voltage yielded switching locations 'H’ and 'O’ as shown in the right trace of Fig.

3.8(a). The same procedure is followed in two sampling time intervals to realize the space
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0.75

(d) OHR(++-) CEVSS (e) HRO(+-+)AEVSS (f) ORH(+-+)AEVSS

Figure 3.9: The possible switching sequence configurations for achieving load space vector
with common-mode voltage elimination within two sampling time intervals (7) correspond

to 8 = 337.5° and 345°

vector at § = 337.5° and 345°. With the alternative error voltage switching, the error
volt-sec (DC bus voltage ripple) space trajectory on synchronous power factor coordinates

computed using (4.27) is shown in the right trace of Fig. 3.8(b). In voltage space

trajectory, the vectors A3 By, BoCy and (s Ay are realized with the switching instances H
R O respectively at § = 337°. Similarly A>Dy, DoFEy and EyAs are realized by placing

switching states O R and H in sampling time interval to realize the load space vector

at 0 = 345°. Further, the error volt-sec space trajectory projected onto the d,; axis
realizes the DC bus voltage ripple pattern as shown in the right trace of Fig. 3.8(c). The
corresponding projected segments magnitude variations on d,; are tabulated in tabulated
in Table-3.5. From Table-3.5 it is evident that with the AEVSS method, the peak to peak
voltage ripple magnitude is 1.3 p.u.. Apart from the demonstrated switching sequence,
the other AEVSS placement shown in Fig. 3.9(e) & Fig. 3.9(f) also yields the same 1.3
p-u. peak to peak voltage magnitude. With this discussion, it can be concluded that
the switching sequence to realize the space vector in sampling time interval influences the
peak-peak magnitude of DC bus voltage. Moreover, it is evident from the discussion that
the DC bus voltage ripple is grossly dependent on the instantaneous space location used to
realize the space vector but does not vary with the switching combination. For example,
the switching location H can be realized with the dual inverter switching combination 15’ or
24’ (Fig. 3.4), but both switching combinations yield the same error voltage vector. Thus,
broadly switching locations are considered to realize the DC bus voltage ripple in this work.
Since the peak to peak DC voltage ripple magnitude is influenced by the switching sequence

within the sampling time interval, all possible switching sequence realizations broadly fall
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in either CEVSS or AEVSS. Further, it is demonstrated in this work the AEVSS method
is superior compared to the CEVSS method in terms of accomplished reduced peak-peak
voltage ripple. The superiority of AEVSS over CEVSS in terms of reduced voltage ripple
and corresponding DC capacitor bank size reduction is demonstrated experimentally in

subsequent sections.

Table 3.5: The elicitation of peak-peak DC bus voltage ripple (AVge, f) at 6§ = 337.5° and
D
345° with AEVSS

Sample No. Switching AV, Segment
location
Slope from | Value AVye inf
(Fig. 3.8(c)) (P-P)
H (+)A2bs (© )—>(0 35) p
0 = 337.5° R (-)bads (0.3 ) (-0. 65)
¢) (+)d2As (-0.65)—(0) p u. 1.3 p.u.
O (+)A2a2 ( )—)(0 65)
0 = 345° R (-)agca (0.65)—(-0. 35)
H (+)c2 Az (-0.35)—(0) p.u.

3.4 DC bus RMS voltage computation

The DC bus peak to peak voltage ripple influences the DC voltage ripple RMS value. The
DC bus voltage ripple RMS value in both CEVSS and AEVSS in a sampling time interval

can be computed using

1 Ts
AVieps = \/Ts 0 (AVqe)?.dt (3.25)

In a former mentioned space vector position at § = 337°, the switching states used R H O
in sampling time interval. For the mentioned sequence, the total RMS DC voltage ripple

can be derived from individual DC voltage ripple segments at each switching instance as :
2 _ 2 2 2
AVdCRMS o AVdCRMS(R) + AVdcmvfs(H) + AVdCRMs(O) (3.26)

At each segment the RMS value can be computed for the segments presented in left trace
of Fig. 3.8(c)

TR _
AVZ s, = 7 / t) At (3.27)

Tu dl —cl)
2 _ b (dl—cl), . 0o
AVitnrsin = / (gt —d1) e (3.28)

1 t

To
2 _
AV sy = 70 /0 (e — 1) (3.29)
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3.5 Results & Discussion

The proposed DC bus voltage ripple computational model is verified on the dual inverter
hardware prototype shown in Fig. 3.10. The operating parameters of the dual inverter

with considered load composition to derive different load power factors are tabulated in

Table.3.6.

DSP

Interfact st
MEracmgsysteil  M$320F28379D

Experimental validation of dual
inverter developed inlab

Figure 3.10: The dual inverter configuration lab experimental setup with a DSP control
board, interfacing sensor, and measuring circuitry

Table 3.6: The experimental operating parameters of dual inverter

Parameters Symbol | Values | Units

DC Bus Voltage (Viae) 300 A%

Fundamental Frequency (wo) 104.67 | Rad/sec

Switching Frequency (ws) 5026.54 | Rad/sec
DC Link Capacitor (Cac) 100 uf
Load Resistance r (6 =60°) 133 Q
Load Inductance 1 (6 =60°) 2.2 H
Load Resistance r (6 =40°) 203 Q
Load Inductance 1 (0 =40°) 1.63 H

The demonstrated CEVSS and AEVSS PWMs implemented on the DSP board
(TMS320F28379D) to switch the dual inverter for realizing the load space vector in
average sense. While synthesizing the load space vector in average sense at m,=0.6 and
& = 60°, the a-phase voltage and three-phase currents are shown in Fig. 3.11. The a-phase
voltage depicted in Fig. 3.11 is the time average DC chopped voltage to mimic the AC
voltage across the load with the magnitude variation between +300 V to -300 V. With the
employed common DC bus for both the inverters, the sinusoidal three-phase currents are
shown in the bottom trace of Fig. 3.11.

The common mode voltage of inverter-1, inverter-2 and dual inverter are shown in Fig.
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Figure 3.11: The load a-phase voltage derived using dual inverter configuration (top trace,
X-axis:25 ms/div, Y-axis:200 V/div), and AC load three phase currents (bottom trace,
X-axis:25 ms/div Y-axis:1 A/div) using CEVSS (left) and AEVSS (right)
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Figure 3.12: The variation of common mode voltage of inverter-1 (Veoary,) (top trace),

common mode voltage of inverter-2 (Voary,) (middle trace) and common mode voltage of
dual inverter (bottom trace) for CEVSS and AEVSS switching
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3.12 for CEVSS and AEVSS switching. From Fig. 3.12, although the inverter-1 and
inverter-2 common mode voltages are present, the dual inverter common mode voltage is
zero. From Fig. 3.12 it is also observed that both the switching schemes maintains the

zero common mode voltage as claimed.
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(a) Hardware results of DC link current (top trace, Y-axis:1 A/div), DC Capacitor current (middle trace,
Y-axis:1 A/div) and DC voltage ripple (bottom trace, Y-axis:0.5 V/div) (X-axis:5 ms/div)
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(b) Theoretically obtained error voltage projection on dps-axis computed using (3.18) (top
trace,Y-axis:200 V/div) and error volt-sec on dps-axis computed using (3.22) (bottom trace,Y-Axis:1
V/div) over a fundamental cycle (X-axis:15 ms/div)

(¢) The inverter-1 and inverter-2 pulse pattern to derive the space vector at § = 337.5° and 6 =
345°(Y-axis:5 V/div),(X-axis:0.2 msec/div)

Further to demonstrate the computational DC bus voltage ripple model proposed in this
work, the dual inverter DC side parameters such as DC link current, DC capacitor bank
current, and the DC voltage ripple is taken for both CEVSS and AEVSS PWMs and
shown respectively in the top, middle and bottom trace of Fig. 3.13(a). It is evident
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(d) The zoomed portion of Fig. 3.13(a) at # = 337.5% and 6 = 345° representing experimentally obtained

DC link current(top trace,Y-axis:1 A/div), DC Capacitor current (middle trace,Y-axis:1 A/div) and DC
voltage ripple (bottom trace,Y-axis:0.5 V/div),(X-axis:0.2 ms/div)
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(e) The zoomed portion of Fig. 3.13(b) at § = 337.5° and § = 345° representing computational results of

error voltage projection on d,s-axis (top trace,Y-axis:200 V/div) and corresponding error volt-sec pattern
on dps-axis (bottom trace,Y-axis:1 V/div),(X-axis:0.28 ms/div)
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(f) The DC bus voltage ripple space plot (Avdcdpf cos(f) — AV,
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Figure 3.13: The AC and DC electrical parameter variation of the dual inverter while

realizing load space vector at ms= 0.6 and 6 = 60° using CEVSS (Left) and AEVSS
(Right) PWMs
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(a) The experimentally obtained DC link current(top trace,Y-axis:1A/div), DC Capacitor current (middle
trace,Y-axis:1 A/div) and DC voltage ripple (bottom trace:0.5 V/div) at at 6§ = 337.5° and 6 = 345°
(X-axis:0.2 ms/div)
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(b) The theoretically computed error voltage projection on d,s-axis using (3.18) (top trace,Y-axis:200
V/div) and error volt-sec on d,s-axis computed using (3.22) at § = 337.5° and 6 = 345° (bottom
trace,Y-axis:1 V/div),(X-axis:0.28 ms/div)
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(¢) The DC bus voltage ripple space plot (AVdCdpf cos(0) — AVdCdpf sin(@)) for fundamental cycle of V;.c¢
(Y-axis:0.5 V/div),(X-axis:0.5 V/div)

Figure 3.14: The DC voltage ripple realization at m,=0.6 and 6 = 40° with CEVSS (Left)
and AEVSS (Right)
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from the DC bus current and DC capacitor current shown in top and middle trace
of Fig. 3.13(a) that the capacitor supports the DC bus current ripple. The average
current is drawn from the solar PV panel. As demonstrated in the preceding section,
the computational error voltage and the error volt sec on dp,s axis shown in top and
bottom traces of Fig. 3.13(b) is in resemblance with the DC capacitor current and DC
bus voltage ripple respectively (shown in middle and bottom trace of Fig. 3.13(a)) for
CEVSS and AEVSS. From Fig. 3.13(a) and Fig. 3.13(b), it is evident that the hardware
results are in close correspondence with the theoretically computed results confirms the
efficacy of the proposed DC voltage ripple mathematical model. Further to demonstrate
the superiority of the AEVSS over the CEVSS in terms of reduced DC bus voltage ripple,
the zoomed portion of the experimentally obtained DC link current, DC capacitor current
and corresponding DC bus voltage ripple along with the inverter-1 and inverter-2 switching
pattern at = 337.5° and 345° are shown in Fig. 3.13(c) & Fig. 3.13(d). Along with
the experimental results, the zoomed portion of the computational error voltage and error
volt-sec on dpy axis at the same switching instants of 6 = 337.5° and 345° are shown for
CEVSS and AEVSS respectively in left and right traces of Fig. 3.13(e). From Fig. 3.13(d)
and Fig. 3.13(e), it is visible that the derived computation model instantaneously maps
the DC bus capacitor current and the DC bus voltage ripple at every instant. Moreover, it
confirms that AEVSS PWM exhibits lesser peak-peak DC bus voltage ripple compared to
CEVSS, as demonstrated in Section-3.3. Additionally to shown the DC bus voltage ripple
reduction in a complete fundamental cycle with AEVSS compared to CEVSS, the voltage
ripple space plot (AVg.cos(f) — AVg.sin(f)) shown in Fig. 3.13(f). From Fig. 3.13(f) it
is observed that the AEVSS switching contributes to less DC voltage ripple compared to
CEVSS.

Further, the efficacy of the derived DC bus ripple voltage computational model
and superiority of AEVSS over CEVSS in terms of reduced peak voltage ripple are
demonstrated by considering the two additional test cases at different space vector
modulation index and power factor angles. The first test case derived by choosing m,=0.6
and 0 = 40°. Whereas in the second test case, the m,=0.4 and § = 60° (case-2) are chosen
to validate the capacitor current and the DC bus voltage ripple. The experimentally
obtained DC link current (top), DC capacitor current (middle) and DC voltage ripple at
6 = 337.5° and 345° are furnished in Fig. 3.14(a) for case-1 and Fig. 3.15(a) for case-2.
To demonstrate the experimental DC capacitor current and DC voltage ripple accordance
with the theoretically derived error voltage and error volt-sec on dpy axis, the computed
Verrd,, using (3.18) and AVdCdpf using (3.22) at § = 337.5° and 345° are shown in top
and bottom trace of Fig. 3.14(b) for case-1 and Fig. 3.15(b) for case-2. The experimental
and theoretical results depicted for both cases show that the derived computational model
is effective in deriving the DC capacitor current and DC bus voltage ripple at different
modulations and power factor angles. From the results furnished left side and right side of
Fig. 3.13 to Fig. 3.15 correspond to CEVSS and AEVSS, it is visible that AEVSS exhibit
the lesser peak-peak voltage ripple compared to CEVSS in all the case. The same has been
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(a) The experimentally obtained DC capacitor current (top trace,Y-axis:0.5 A/div) and DC voltage ripple
(bottom trace:0.5 V/div) at 8 = 337.5° and 6 = 345° (X-axis:0.2 ms/div)

R 0 |0 H R H R0 [0 [R H:
TYETO T Tr TXE T TX\ETO | T0 ?TX TY
et {I@OV/dw) R o . . e';,;&--(l-()ﬂV/dl"‘

ttme(0 28msde) ; errd o i tmile(0.28msec/dtv)

: | AV (IV/iv)| |4 RN O SO S U

: i '“ AV (IV/dtv)
N LY A3 A
tlme(ozsms/d,v) Yiﬁé’(’b’i&“niéﬁé&’/&ii{})""'"""""""""""""""""""" """""""

(b) The theoretically computed error voltage projection on d,s-axis using (3.18) (top trace,Y-axis:100
V/div) and error volt-sec on d,s-axis computed using (3.22) at 6

trace,Y-axis:1 V/div),(X-axis:0.28 ms/div)
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Figure 3.15: The DC voltage ripple realization at m,=0.4 and 6 = 60° with CEVSS (Left)

and AEVSS (Right)
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confirmed by plotting the DC bus voltage ripple in a space (AVy.cos(0) — AVy.sin(0))

over a cycle shown in Fig. 3.14(c) and Fig. 3.15(c) for case-1 and case-2 respectively.

Table 3.7: DC voltage ripple RMS value computed with CEVSS (cell top value) and

AEVSS (cell bottom value) at different load angles (§) and modulation indices (mq,)

5 Me191 |02 |03 |04 |05 |06 |07 |08 |09 |1
oo | 008LT] 0.2900° 0.5754 | 0.8868] 11694 13827 | 1.4684] 1.3920 11129 0.68
0810 | 09900 | 05747 | 08637 | 11694 | 13820 | 14684 | 13887 | 14129 | 06877
Lo | 00802 02857 0.5747 | 0.8008] 11857 | 14149 15285 14520 1.2892] 0:80
0801 | 09858 | 05647 | 08671 | 11395 | 13355 | 14013 | 13003 | 10142 | 06950
s | 007687 02768 055487 0.8637 | 1.1594] 14019 1.5395 | 1.58481 1.3538" 0.98
G757 | 0702 | 05315 | 08106 | L0611 | 19312 | L9757 | L4687 | 09202 | 08099
s | 00718 02584 05152 0.8172| 11068 1.8521] 15166 | 1.559¢ | 14524 118
G699 | 07477 | 04860 | 07375 | 0:9568 | 11029 | 14355 | 10398 | 08803 | 09900
w0 | 0-063¢] 023187 0.47047 0.7457 | 10225 1.2697| 14548 | 1543 | 15257 1.38
0621 | 07192 | 04289 | 06481 | 08368 | 09584 | 09850 | 0:9262 | 08956 | 11890
~go | 00531 01959 0.40167 0.645% | 08996 1.1415| 1.3455 | 14948 15674 155
0515 | 01813 | 03531 | 05312 | 06810 | 07840 | 08259 | 08455 | 09734 | 13983
s | 00424 01579 0.3287 0.5378 | 0.7631 | 10006 1.2269 14252  1.5877 | L.10
0404 | 01417 | 05750 | 04139 | 05355 [0:6295 | 07076 | 08265 | 10013 | 15813
—o | 002997 0.1147] 02458 0.4182] 0.6172] 0.8414'| 1.0797 | 182867 L5714 181
275 | 040970 | 01893 | 09890 | 03887 | 04960 | 06378 | 08598 | 17086 | 17209
sg» | 0-0166] 0.0687] 0.1594] 0.2890'| 045987 0.6677 | 0.9179| 120197 15182 1.8
0142 | 00528 | 01109 | 01900 | 09990 | 04498 | 06601 | 0:9468 | 13255 | 18139
og» | 0-0059 0.03587 0.09367 0.1895 0.3322] 0.5242] 0.7697| 10736 1.4385] 187
G059 | 00332 | 00897 | 01893 | 03255 | 05282 | 07641 | 10697 | 14352 | 18671

Further, to verify the superiority of the AEVSS compared to CEVSS in terms of less voltage
ripple yielding, the DC bus voltage ripple RMS value for both the switching sequences is
computed and furnished in Table-3.7. It is evident from Table-3.7 that the RMS value
computed with CEVSS (cell top value) is greater than computed RMS values with AEVSS
(cell bottom value) at all space vector modulations (0.1 to 1) and from the power factor
angle greater than 0° and less than 90°. It demonstrates the efficacy of the AEVSS in
accomplishing reduced DC bus voltage ripple at all space vector modulations and the load
power factor angles. In Table-3.7, all RMS value are shown in per unit by normalizing
with CEVSS’s DC ripple RMS value at m,=0.6 and 6 = 60° as this condition exhibits the
maximum DC voltage ripple reduction with AEVSS compared to CEVSS.

Similarly, the peak to peak DC bus ripple variation comparison for both the switching
sequences is presented in Fig. 3.16. As it is shown in Fig. 3.16, the AEVSS exhibit lesser
DC bus voltage ripple at power factor angles § = 40°, 60° and 80°. Nevertheless, the peak
to peak voltage ripple reduction with the AEVSS is maximum at a higher modulation
index in line with the DC ripple RMS value computations. It is due to minimum usage of

the null switching state in a sampling time interval.
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Figure 3.16: The variation DC bus voltage ripple peak - peak magnitude at different
modulation indices (m,,) and load power factor angles (§) with CEVSS and AEVSS PWMs

3.5.1 The dual inverter DC source voltage and current ripple

characteristics

Since the inverter interfaced with the grid or dedicated loads operates in the closed-loop
control to send the available active power into the grid, the converters’ dynamic response
depends on the system impedance components like DC capacitor bank and AC inductor
and load resistance. Apart from the dynamic response, considering the reliability of the
converter, the reduced DC capacitance without compromising the DC voltage ripple is
highly desirable. This work demonstrates that the AEVSS yields a lesser DC voltage
ripple than the CEVSS method with the given DC capacitance in a dual inverter with a

common-mode voltage elimination configuration.

It has been demonstrated by connecting 100p farad capacitor across the DC bus of the
dual inverter, the DC source current, the capacitor current and the DC bus voltage ripple
are shown in the top, middle, and bottom trace of Fig. 3.17 respectively for CEVSS (left)
and AEVSS (right). From the zoomed portion of the DC source current shown in the
top trace of Fig. 3.17, it is evident that the peak-peak current ripple is drawn from the
DC source is 0.8A in the case of AEVSS and, on the other hand, with CEVSS, it is 1.5
A. Tt indicates that the current ripple experienced by the DC source is more in the case
of CEVSS than AEVSS. Similarly, with CEVSS, the DC bus voltage ripple across the
DC source is 6.4 Volts, but with AEVSS, it is only 4 V (peak to peak). Therefore, to
accomplish the peak-peak voltage of 4 V with CEVSS, it must have a DC capacitance of
160 pfarad. From the DC source current ripple and voltage ripple comparison, it can be
concluded that the AEVSS method demands a 35% lesser DC capacitance value compared
to CEVSS to accomplish the designated voltage ripple.

The dynamic variation of three phase output current, DC source current and DC capacitor
current is shown in Fig.3.18. From Fig.3.18 it is observed that the when the irradiance

decreases the from 800 W/m? to 400 W/m?, the three phase currents, DC source current
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Figure 3.17: The experimentally obtained solar PV array current (top,Y-axis:1 A/div
), the DC capacitor current (middle, Y-axis:5 A/div) and the DC bus voltage ripple
(bottom trace,Y-axis:2 V/div) with CEVSS PWM (left) and AEVSS PWM (right) for
one fundamental cycle (top scope,X-axis:5 ms/div) and zoomed in a sub-hexagonal sector
cycle (bottom X-axis:1 ms/div)
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Figure 3.18: Variation of three phase current (top trace), DC source current (middle trace)
and DC capacitor current (bottom trace) for the dynamic change of irradiance at Cg.=
1200 uf
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and DC capacitor current decreases. Similarly, when the irradiance increases the from
400 W/m? to 800 W/m?, the three phase currents, DC source current and DC capacitor
current will also get increases. It indicates the direct proportionality of power with the

three phase currents. DC source currents and DC capacitor currents.

3.6 Conclusion

The presented work in this chapter demonstrated the DC bus voltage ripple computational
method by exploiting the AC error voltage vector information. The proposed model is
independent of instantaneous current information, making the derived model an offline
model. Thus it supports assessing the PWM techniques for minimum voltage ripple. The
derived computational method in this work demonstrates the dual inverter switching
sequence influence on the DC bus voltage ripple by selecting the switching instants
with the same error voltage polarity consecutively and alternatively named CEVSS and
AEVSS, respectively. Further, it has been identified that, between the derived switching
sequences, the AEVSS yields minimum voltage ripple compared to CEVSS. The exhibited
minimum DC voltage ripple with AEVSS has been further confirmed by computing the
voltage ripple RMS value at different modulations and loading conditions. Finally, from
derived switching sequencing through proposed DC voltage ripple computational model
in this work, it is observed that the DC capacitor size with the AEVSS method is 35%
lesser than the CEVSS method to accomplish the designated DC percentage voltage
ripple at m,=0.6 and § = 60°.

In practical scenario, in PV grid-connected inverter operations, § typically ranges from 5°
to 10°. When designing for AEVSS switching, the DC capacitor sizing should be based on
the worst-case conditions as outlined in Table-3.7 at § = 10°. Here, the highest DC bus
voltage ripple is observed at m, = 0.7 for AEVSS, resulting in 1.4013 PU. Engineers must
design the DC capacitor to accommodate this voltage ripple as the system exclusively
operates with AEVSS. Comparatively, CEVSS generates a higher DC voltage ripple of
1.5285 PU. Consequently, there is an 8.32% reduction in DC capacitance requirement with
AEVSS compared to CEVSS in PV grid-connected inverters. In motor drive applications,
during full load conditions, the motor drive operates with § ranging from 30° to 40°. When
considering the worst-case scenario and designing with AEVSS switching, the highest DC
bus voltage ripple is 1.1355 PU at m, = 0.7 and § = 30°. In contrast, CEVSS generates a
higher DC voltage ripple of 1.5591 PU. This results in a substantial 27.16% reduction in
DC capacitance requirement with AEVSS compared to CEVSS in motor drive application.
Therefore, even under worst-case conditions, AEVSS switching consistently requires less

DC link capacitance.



Chapter 4

A Novel Switching Vector
Sequencing Method to Minimize
DC Voltage Ripple

Nowadays, dual inverters with separate DC links are gaining popularity in motor drive
applications due to their enhanced scalability and control flexibility compared to dual
inverters with a common DC link. A significant advantage of using a dual inverter with a
separate DC link is its ability to offer higher switching redundancies across the load. In
dual inverters with a common DC link, each inverter operates at a switching frequency, and
consequently, the load current also experiences the harmonics at switching frequency. This
switching pattern can lead to higher total harmonic distortion (THD) in the load current.
In contrast, in a dual inverter with separate DC links, although each inverter operates
at switching frequency, the load experiences a higher effective switching frequency. This
higher effective frequency results in lower THD in the load current compared to a dual
inverter with a common DC link. Currently, there is a research gap in the analysis of DC
voltage ripple and DC source current ripple in the literature for dual inverter with separate
DC link. Addressing this gap and aiming to reduce load current THD, this chapter focuses

on analyzing and minimizing DC link ripple using a dual inverter with a separate DC link.

4.1 Dual inverter configuration with separate DC source

The dual two-level inverter-fed open-end winded induction motor operated with a separate
DC source is shown in Fig. 4.1. Here, S,, Sy, and S, are the top switch switching functions
of inverter-1 corresponding to poles a, b, and c¢. Similarly, S,/, Sy and S. are the top
switch switching function of inverter-2 corresponding to pole a’, b’ and ¢’. 744/, tpy and iee
are the three-phase load current of dual inverter. ige,, tdcys %e;s tegs tdes; @nd %4cs, are the
DC link current, DC capacitor current and DC source current of inverter-1 and inverter-2
respectively. R, denotes the series resistance. The two inverters are connected back to
back as shown in Fig. 4.1 to synthesize the average voltage across the induction motor.
The average voltage synthesized across the motor with the two inverters can be defined

as:

Ve Vie
Vies 260 = 2f40— 2f4(9+7r) (4.1)
—_— —
Vees, Viefy

63
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Figure 4.1: The open-end winding induction motor (OEWIM) powered by a dual inverter
with isolated DC sources.

Where V.. is the reference voltage space vector generated across the load. V;..r, and V.,
are the individual inverter reference voltage space vector. 6 represents dual inverter space
vector angle. The 180° phase shifted operation by inverter-1 and inverter-2 as per (4.1),
derives the maximum voltage across the induction motor drive. The realization of the
average load space vector with inverter-1 and inverter-2 using volt-sec balance is shown in

Fig. 4.2 can be mathematically written as:

p-axis B-axis
A

Vo, To,

INVERTER-1 INVERTER-2

Figure 4.2: The OEWIM reference vector realization with inverter-1 and inverter-2 using
volt-sec balance

V;@fng = (p)VOlTOl + VfElTlBI + Vleyl +(1 - p)V()1T01 (4'2)

[ S
Verr—1Terr—1

V;’engg = (Q)‘/OQTOQ + VxQTxQ + Vszyz +(1 - Q)%QTOQ (43)

)
Vesr—1Tefr—1
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Where Ty is the sampling time interval. As mentioned in (4.2) and (4.3), the two inverters
synthesize the reference vector (me1 and V,..r,) in the average sense using the nearest
active and null vectors. Thus the sampling time interval (T;) is composed of null and
active voltage vectors with the designated dwell times derived instantaneously based on the
magnitude and position of the reference vector. In this work, the space vector is assumed
to be rotating in an anti-clockwise direction and covers the six sectors of a hexagon in one
cycle. For presenting the generalized volt-sec balance equation as mentioned in (4.2) and
(4.3), the switching vector and corresponding dwell time behind the space vector (V; in
Fig. 4.2) is mentioned as V,,, and Ty, , similarly, the active switching vector ahead of the
space vector (V3 in Fig. 4.2) represented with Vj,, and Ty, for inverter-1. The null vector
along with its time is represented for inverter-1 as Vp, and 7p,. Similarly for inverter-2,
the active and null vectors can be represented as V,,, V,, and Vy, while timings can be
represented as Ty,, Ty, and To,. Teps (1o, + Ty, ) and Tepy, (T, + T)y,) are the effective

times of inverter-1 and inverter-2.
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Figure 4.3: The placement of active and null vectors in a sampling time interval to derive
the continuous and discontinuous PWMs

In (4.2) and (4.3), the p and q represent the null volt-sec segregation indexes that vary
from 0 to 1. The null time segregation in a sampling time interval by simply varying
the p (inverter-1) and q (inverter-2), as shown in Fig. 4.3 to realize the continuous and
discontinuous PWMs. The placement of the active and null vectors in a sampling time
interval defines the load current and DC voltage ripple signatures. In line with the current
ripple signatures, the switching vector influence on the DC bus voltage ripple and DC

source current ripple is modeled in the following section.

4.2 Mathematical modeling of instantaneous DC voltage

ripple variation with instantaneous inverter switching

The fundamental average voltage synthesized by the dual inverter in d-q reference frame

can be computed using (3.10) and (3.11). Where v4 and v, are the direct and quadrature
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axis components of the reference voltage space vector. Since the dual inverter synthesized
instantaneous voltages in an average sense with isolated DC sources, the individual
inverters influence the respective DC link currents and, thereby the DC link voltage ripple.
Therefore, this work analyzes the individual inverter switching and DC link voltage ripple.
For an individual inverter, the instantaneous switching voltage in a synchronous reference

frame using (3.12) and (3.13) for dual inverter with seperate DC link can be represented

as:
Vg, = %%(Sar cos(f — 1) + Sy, cos(0 — 2m/3 — ) + S¢, cos(0 + 27 /3 — )  (4.4)
Vg, = ;%(Sar sin(@ — ) + Sy, sin(6 — 27/3 — ) + S, sin(60 4+ 27/3 — )  (4.5)

Where (S,,, Sp,&S,,) are the instantaneous switching states of the inverter to realize the
Vier in an average sense. vg,, and v, —are direct and quadrature axis components
of instantaneous switching voltage. 1 denotes the fundamental phase shift between the
inverter-1 and inverter-2. Here for inverter-1 r=1 and ¥ = 0, similarly for inverter-2 r=2
and ¢ = 7. In motor drives, although the reference vector (V) synthesizes in the average
sense, the current vector (i) is displaced from the V.. by the power factor angle (J) as
shown in Fig. 4.4 can be expressed as

UVd UVd

470 — r 4 jay

i/—§ = (4.6)

As depicted in (4.6), the load impedance and the reference voltage define the load current.

T B—Axis

Figure 4.4: The current vector coordinate realization with consideration of power factor
angle §

The load current is decomposed into real (iq) and reactive (i) components respectively
aligned with the reference voltage vector (V,.¢) and quadrature axis (q-axis) as shown in

Fig. 4.4. With the defined real and reactive components of the current, the instantaneous
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load impedance (Z) of the motor can be mathematically represented as:

. (%
Z=r+jx = - — 4.7
I td + Jiq (47)
Rationalizing the (4.7) to separate the real and imaginary part as:
Z=r+jo = —2 *(l.dj.l.q) (4.8)
tq + Jiq td — Jiq

Separating the real and imaginary part, the (4.8) can be simplified as

. Vdtd [ —vaiq
Z=r+jr;=|- S | + - - 4.9
o (zé%—z%) J (zg—kzg) (49)

Where r and zj, are the per-phase equivalent AC resistance and reactance of the load.

Upon the computation of AC side impedance, the equivalent DC impedance can be derived

as a function of inverter modulation (m,) as:

ch = Rdc +jXde = (R/ma) —i—j(XL/ma) (4.10)

The influence of inverter modulation on DC side impedance is explained by considering the
scenarios of instantaneous m, =0 and m,=1. When m,=0, AC side impedance reflection
on the DC side is infinite. At m,=1, the AC and DC side impedances are the same as
per (4.10). With the computed equivalent DC impedance, the individual inverter DC bus

current can be modeled as follows:

24 _ VdceT _ /Udswy- COS((; - w) + UQSwT Sln(5 - w) (4 11)
dor = e (Rgecos(6 — ¥) + X paesin(d — 1)) /2 '

Here Ve, is the AC voltage reflections on the current axis (d; — azis), computed using

(4.4) and (4.5). Similarly, Zg.., is the impedance (Zg.) reflections on the current axis. For
inverter-1, the (4.4), (4.5) and(4.11) can be expressed as

2V

Vdgy, = 57(5(11 cos(#) + Sy, cos(d — 27 /3) + S,, cos(6 + 27/3)) (4.12)
2 Vdc . . .
Vg, = 57(5211 sin(@) + Sp, sin(0 — 27/3) + S, sin(0 + 27/3)) (4.13)
0) + in(d
idcl _ Vdcel _ Udswl COS( ) UQSwl Sln( ) (414)

Zice, (Rgecos(0) + Xpgesin(d))/2

The vg,,, cos(d) and vy, sin(d) term can be expanded as

Vdy,y, COS(0) = %%[Sal cos(0). cos(d) + Sp, cos(d — (27/3)). cos(d)
+ Se, cos(0 + (27/3)). cos(0)] (4.15)
Vgy, SIN(0) = ;%[Sal sin(#).sin(0) + S, sin(6 — (27/3)). sin(6)

+ Se, sin(6 + (27/3)). sin(6)] (4.16)
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Adding (4.15) and (4.16) as:
2V
32
+ Sp, (cos(0 — (27/3)). cos(d) + sin(0 — (27/3)). sin(d))

+ S¢, (cos(0 + (2m/3)). cos(d) + sin(6 + (27/3)).sin(0))] (4.17)

Vd,,y, €08(0) + vg,,, sin(5) [Sa, (cos(B). cos(d) + sin(#). sin(9))

The (4.17) can be written in composed form as

. 2 Vye
Udy, €OS(6) + g,,,, SIN(8) = 57‘1(5(“ cos(6 — 8) + S, cos(d — (21/3) — 6)
+ 8., cos(6 + (2m/3) — 8)) (4.18)

Expanding the term (Rgy. cos(0) + X 4. sin(d))/2

(Rae c08(6) + X pe 5in(6))/2 = —— (R cos(8) + X, sin(5))

2mg,
1 R Xy 1 (R*+X?
= o, (R z7T XL’Z) 2y < Z
1 72 Z Xy
_ 20 _ 4.19
2ma( A ) 2mg  2mgsin(9) ( )

Dividing (4.17) by (4.19) gives the DC link current as

2 mgVgesin(d)

3 e [Say cos(f — 0) + Sp, cos(f — 6 — 27/3) + Se, cos(6 — § + 27/3)]
L

lde; =

(4.20)

For both the inverters of the dual inverter, the DC link current expression can be written

in a composed form as

9 .
lde, = ,M[SM cos(f — 6 — ) + Sy, cos(0 — 6 — 21 /3 — )
" 3 Xy, "
+ S, cos(0 — 8 +2m/3 — )] (4.21)

Where ) is the phase shift between the two inverters. For inverter-1, r=1 and =0 while
for inverter-2 r=2 and ¢ = w. Using (4.21), the DC bus current can be computed as
a function of inverter switching, modulation index, DC bus voltage, and motor loading
condition. As it is depicted in (4.20), the DC bus current is a function of the overall
modulation index, motor loading (Z), and individual inverter switching states. Thus the
DC capacitor current is the function of individual switching states, and it can be modeled

as :
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i, = tdes(Avg source current) — iqg.(DC link current)
lmngc cos(d — 1) 2ma Ve
A 3 Z

(Zmanc cos(d — ) — VacFu(.)) (4.22)

Fy(.)

DN DO

Mg,

3. /R + x2

Fy(.) = [(Sa,) cos(60 — 6 — ) + (Sp,) cos(6 — 5 — (27/3) — b)) + (Se,.) cos(8 — § + (27m/3) — )]

Where i4.5 is the average DC source current and .. is the DC capacitor current. From
(4.22), it is evident that the instantaneous switching states define the DC capacitor
current at a given motor loading condition. Therefore, active and null switching states
in a sampling time interval define the polarity of the capacitor current, explained in the
subsequent section. In any switching sequence, the instantaneous voltage ripple can be

derived from the instantaneous capacitor current as:
1
AVge, = ol /(icr)dt (4.23)

Here AVj,, represents the instantaneous DC voltage ripple and C represents the DC link
capacitance at the individual DC bus of the dual inverter. With the computed DC voltage
ripple, the input source current ripple variations are explained by considering the null
switching states of the inverter. At the null switching state, the AC load is isolated from
the DC bus, forcing the available source current to flow to the DC capacitor, which reflects
as a raised instantaneous capacitor voltage. Correspondingly, the current from the source
reduces with the negative slope compared to the DC bus voltage. Similarly, in the active
state, the drop in the slope of the DC voltage ripple reflects the instantaneous rise in the

source current. Therefore, the source current ripple can be modeled as follows:

1
Ai = — —ie 4.24
Ldcs, RSC /( ? r)dt ( )

Here, Aig.s, represents the instantaneous DC source current ripple at the individual DC
bus of the dual inverter. As per the (4.22) and (4.23), the voltage ripple is influenced by
the load current, whereas the load current ripple is dependent on the instantaneous phase
voltage error magnitudes. In a dual inverter with an isolated DC bus, placing an effective
time in the opposite corner of the sampling time interval yields the minimum load current
ripple. At minimum load, the current ripple yields effective time placement; the placement
of the active time sequence influences the DC voltage ripple. Therefore realization of the
appropriate sequence for minimum DC bus voltage ripple is explained in the following

section.
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4.3 The influence of effective and null time placement on

the DC bus voltage ripple

The instantaneous switching states define the instantaneous capacitor current magnitude
as per (4.22), and the sequence of switching states defines the overall peak-to-peak
magnitude of the DC bus voltage ripple. The selection of the switching sequence must be
based on the capacitor current polarity. The influence of the switching sequence on the
DC bus voltage ripple peak to peak magnitude is analyzed by considering the following

two possible switching sequences:,
o (i.) Same sign consecutive placement (SSCP) method
 (i.) Opposite sign consecutive placement (OSCP) method

To realize the SSCP (conventional) and OSCP sequencing, it is required to compute
capacitor current polarity in each sampling time interval (at each position of the space
vector) and place them based on the capacitor current polarity, which is illustrated in

subsequent subsections.

4.3.1 Same sign consecutive placement (SSCP) method

""12166{" 2110)] 4"7’(1ii)"’3"’7’(i1’1’>"F‘}i{df"’ibbi’j"' B0 00 ] _ o000 . 0(000) !W\
—— Pt Pt PP \ >
. Vet | Voi i Vo, , Veft-1 '
102 y—+—| + _ | - + l—( ES
AV, E ; 5=40°0 o= 60° 5=80° !
dC2 ' ! | : | ' | :
2p u.12.4 p.u JB |

0°(000) \5 001 4(011) £011) 5 001\ 0’(000)

4—’4—»‘—”—’
Vi Ve~ Ve Voo
Verr 7*{: m e - -

]r ””””””””””””””””””””””””””””” 3 L) \4(011) 5(001)\ o) 4(011)] AL

(a) SSCP switching (p=0 and gq=1) (b) OSCP switching (p=0 and q=1)

Figure 4.5: The capacitor current magnitude variations and corresponding voltage ripple
variations of inverter-1 (first and second trace) and inverter-2 (third and fourth trace)
with the switching states of inverter and the load current ripple variation in dual inverter
with the discontinuous PWM (bottom trace) (p=0 and q=1)

At p=0 and q=1, the effective time of inverter-1 and inverter-2 are placed in either corner

of the sampling time interval as shown in Fig. 4.5. Upon computation of the capacitor
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Figure 4.6: The capacitor current magnitude variations and corresponding voltage ripple
variations of inverter-1 ( first and second trace) and inverter-2 (third and fourth trace) at
p=0.3 and q=0.7

current polarity in the SSCP method, the switching states with the same sign capacitor
current are placed consecutively, as depicted in Fig. 4.5(a) for inverter-1 and inverter-2.
For inverter-1, the switching state V; gives the negative polarity (-) capacitor current
computed using (4.22), while the state V5 and V7 gives the positive polarity (+) capacitor
current. In the SSCP switching methodology, the same sign-yielding switching states are
placed together, and the switching sequence is followed as V; — V5 — V7 (-++). Similarly,
inverter-2 uses the switching sequence Viy — Vs — Vy (4+4-) and keeps the same polarity
capacitor current yielding switching state simultaneously. With this method, the DC bus
voltage ripple is 2 p.u. at §# = 15° and 0= 60° as shown in Fig. 4.5(a).

4.3.2 Opposite sign consecutive placement (OSCP) method

In the OSCP method, after computation of the polarity of the capacitor current, the
switching states with the opposite polarity capacitor current are placed consecutively,
as depicted in Fig. 4.5(b) for both inverter-1 and inverter-2. The switching sequence
Vo = Vi — Vo (+-+) and Vi — Vy — Vi (4-+) are used for switching of dual inverter in
OSCP method. The OSCP method with the opposite polarity capacitor current yield
switching stated placed together, only exhibits 1.1 p.u. of the DC bus voltage ripple in
both inverters at # = 15° and 6 = 60° as depicted in Fig. 4.5(b). It can be further observed
from Fig. 4.5(a) and Fig. 4.5(b) that the OSCP method yields a lesser DC voltage ripple
than the SSCP method.

Similarly, the variation of DC voltage ripple at unequal null time segregation (p=0.3 and
q=0.7) is shown in Fig. 4.6. From Fig. 4.6 it is observed that the OSCP switching gives
the lesser DC bus voltage ripple as compared to SSCP switching at all load angles ().
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Figure 4.7: The DC capacitor current i., variation with the switching state correspond to
Vi, Vi, and Vp, in each sector at § = 60° (top trace) and § = 30° (bottom trace)

As the reference vector is composed of three switching vectors in an average sense, in this
work, it is observed that the switching state behind the space vector (V;, referring Fig. 4.2)
exhibits the negative i., and null vector (Vj,) exhibits the positive i., magnitudes always.
However, the switching vector ahead of the space vector (V) in each inverter changes its
polarity depending on the power factor angle, as shown in Fig. 4.7. The variations of the
capacitor current with three switching states V,,, V,,;, and Vj, in a fundamental cycle at
0 = 60° and 30° are shown in Fig. 4.7. From Fig. 4.7, it is evident that the computation of
polarity of i., corresponds to the switching vector V,, is sufficient to derive the optimum

switching sequence depending upon the power factor angles as follows:

1. (Seq-1) If the capacitor current i., corresponds to Vj, is positive == the switching
sequence in a sampling time interval is V;,, (+ve), V;, (-ve) and Vp, (+ve) as shown
in Fig. 4.8(a).

2. (Seq-0) if the V},, exhibits the negative i.,, the sequence must be V,, (-ve), Vo, (+ve)
and V,, (-ve) as depicted in Fig. 4.8(b).

i01 =+Ve ic1=—Ve ic1=+Ve ic1=—Ve icl=+Ve j.c1=—Ve
Vy1 Vx, Vo, Vx1 Vo Vy1
) Ty, R Tx, ] To, ‘ Tx, R To, B Ty,
Ts Ts
(a) Seqg-1 (b) Seq-0

Figure 4.8: Deriving the switching sequence with the proposed OSCP method for seq=1
(i¢, of Vj, is positive) and seq=0 (i, of V,, is negative))

Based on the requirement of only computing the capacitor current polarity ahead of the

space vector, a signal flow diagram for the algorithm to derive the switching sequence
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dynamically at each sampling time interval for both the inverter is shown in Fig. 4.9.

The proposed switching sequence is realized from the phase voltages by simply shifting

Cqmput— Vmaxr Comput-
ation of Vminr .| ation of [ Txr >
| Vmax N
Vn.lmr’ Vintr »| Tyr,Tor Tyr —>
Vintr » Computa- (Step-8) > Sar
Y| (Step-6) tion of logic& Tor
function
i (Step-7) Comput-
Vast »| Line |Yabry] Co.mpl.lte 23;: i aien @i
voltage switching Soar > switching
- seq-1 |Vber .| states ’ >
@ " computa- “|correspo-| ] ] “| Comput (Spil;ls_elsl) g:
tion |y, |ndtoTyr 1 -ation . Sequence p
Vst 7 (Step-2) > (Step-3) oficr | »/Computation{ »{Seqr
(Step- (Step-10)
¢ 9) (6+P)
L’ Line voltage |Vacr [ Computation of Salr Ly
seq-2 Vbar | switching states Sblr | Scr
computation "|corresponds to Txr Sclr |
(Step-4) Vebr (Step-5)

Figure 4.9: Block diagram representation of DC bus voltage ripple minimization algorithm
for dual inverter

and segregating the effective and null times in a sampling time interval (7). To realize
the optimum DC bus voltage ripple, the capacitor current polarity of the switching state
ahead of the reference vector is computed to derive the dynamic sequencing of the switching
states. In order to compute the capacitor current polarity of the switching vector ahead
of the reference vector, The switching state information is necessary. The switching state
information is computed by simply phase shifting the reference voltage by 30° lagging.
The detailed step-by-step switching sequence realization procedure is shown in Fig. 4.9,

and each step is illustrated in the algorithm.

Step-1: Generate the reference phase voltages correspond to space vector of inverter-1 and
inverter-2 (Vas,,Vbs,,Ves, for example Vs, = (Vyef/2) cos(0 + 1) ; for inverter-1 r=1
and ¢ = 0, similarly for inverter-2 r=2 and ¢ = w; The b-phase and c-phase are
+/-120° from the a-phase as ahown in top trace of Fig. 4.10.

Steps 2 to 9 are common for both inverters after generating reference three-phase
voltages from the load space vector.

Step-2: Shift the phase voltages by 30° to compute the binary switching states for each leg
(Sa2,., Sk2,, Sea,) corresponding to voltage vector V,, as shown in second trace of
Fig. 4.10.

Vabr = Vasr - %sra %cr = V})sr - ‘/csra ‘/car = ‘/;sr - Vas,«

Teount is counter counts from 0 to T,. Step 10 ensures the appropriate switching state

placement.
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Step-3: Compute the switching states corresponding to T,

it Vap, = +ve, Sa2, =1 else S, =0
if Vi, = +ve, Sy, =1 else Sy, =0
if Voo, = +ve, Sca, =1 else Sea, =0

Step-4: Shift the phase voltages by —30° to realize the binary switching states (Sa1,., S,
Se1,) correspond to V. as shown in third trace of Fig. 4.10.

Vacr = Vasr - chsr’ ‘/bar = %sr - Vasrv chbr = chs,« - %sr
Step-5: Compute the switching states corresponding to 7,

if Vae, = Fve, Sg1, =1 else Sg1, =0
it Vo, = +ve, Sp1,, =1 else Sp1, =0
if Vi, = 4ve, Sc1, = 1 else Se1, =0

Step-6: Compute the maximum (Vj,4z, ) minimum (V,,ip, ) and intermediate (Vi) phase
voltage magnitudes for switching sequence realization referring to bottom trace of

Fig. 4.10.

Vmaxr = MCL.%‘(VQST, %sra chsr)
Vminr = Min(vasry %sra Vcsr)
V%ntr == _VmaxT - Vminr

Step-7: Compute the logic function (@Q,) from switching states correspond to Vj, for
switching sequence evaluation

QT’ - (IQTSbQT + SbQTSCQT + SCTSaQT
Step-8: Compute the dwell times T3, , T}, and Tj, correspond to V., ,Vy, Vo,

if Q,==1 then

va- = (2TS/Vdc)(Vmax,- - %nt,-);

Tyr = (2T5/Vdc)(Wntr - VminT)Q

To, = (2Ts/Vac)(Vac/2) = (Viaz, — Vinin,));

else

TIr = (QTS/Vdc)(‘/intr - Vminr);

Tyr = (2TS/VdC)(Vma1‘r - ‘/intr);

TOr = (2TS/VdC)((VdC/2) - (Vmaa:r - mer));

end

Here T is sampling time interval (Vy./2) is the DC bus voltage of the individual

inverter.

Step-9: Compute the capacitor current magnitude only for switching states corresponding
to Vi,

ic = (3/4)mg cos(d) — [cos(0)(Sa2, Vas, + Sv2, Vos, + S, Ves, )sin(0)(Saz,1/1 — V2,

+ Sho, (/1 = V2, 4 Sea, /1 = V2 )]

Step-10: Compute the sequence order logic based on the capacitor current polarity i,
if 1., = Fwve, seq, = 1 else seq, =0

Step-11: Fill switching states with the computed dwell times in a sampling time interval
based on the derived sequencing order
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if seq,==1 then

if Teount > 0 && Teount < Ty, then

‘ Sa, = Sa2,; Sbr = Sb2r§ Scr = 9¢2,;

end

if Teount > Ty, && Teount < (Ty, + T%,) then

‘ Sa = Salr; Sbr = Sblr§ Sc,« = Sclr;
end
if Toount > (Ty, + Ti,) && Teount < (To, + Ty, + T, ) then
| Sa, =0; Sp, = 0; Sc, =0;
end

r

else

if Teount = 0 && Teount < Twr then

‘ SaT = Pal,» Sbr = Sblr; Scr = Ocl,s

end

if Teount > Tr, && Teount < (Ty, + T, ) then
| Sa,. =0; 5, =0; S, =0;

end
if Teount > (To, + Ty,) && Teount < (To, + Ty, + 1), ) then
‘ ar = Pa2p; Pb, = Ob2,; Pcp — Pc2ps
end
end

+Vae/2

I
1
Vo) 2 | Sample=1 ! Sample=2 | PVo; \ Vmin; ‘

(100) (110) (010) (011) (001) (101) (100)
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Figure 4.10: Top trace: The reference phase voltage, second trace: Generation of switching
matrix for inverter-1 during 7T}, , third trace: Generation of switching matrix for inverter-1
during T, and fourth trace: Computation of instantaneous Tz, Tmin, and Tin:, from
the phase voltages
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4.3.3 Designing of DC link capacitor

Consider the DC source current ripple for inverter-1 is Aig.s,. The DC voltage ripple can

be expressed as:
AVie, = RsAiges, (4.25)

Where R; is the DC source current ripple and AVj,, is the DC voltage ripple for inverter-1.
During null switching state, all the DC source average current (i4.s,) will flow through the

DC capacitor. In such a scenario, the DC capacitor current can be expressed as
ie; = ldes, (4.26)

Where i, is the DC capacitor current for inverter-1. The generalized formula for capacitor

current dynamics can be expressed as

= 4.2
i Cdt (4.27)

Where C is the DC capacitor value. For inverter-1, the (4.27) can be expressed as:

AVge,

i, = C
meTs

(4.28)
Where m, is the modulation index and Ty is the sampling time interval (Ts = 1/Fj).
Where Fj is the switching frequency. Keeping (4.25), (4.26) in (4.28) and expanded to

calculate the DC capacitance value as

MaldesTs
C=-21=" 4.29
AZclcs-Rs ( )
Keeping m, = 0.6, i4cs = 0.4118, Ts = 1/2400, Ry = 1 and Aig.s = 0.09381, the value of
DC capacitor is coming out to be C' = 1097uf. The value of DC capacitance is closed to
1200 uf. Due to this C' = 1200uf is chosen during experiment.

4.4 Results and Discussion

The proposed algorithm is tested on a dual inverter-based OEWIM drive fed from two
isolated DC sources developed in the lab as shown in Fig. 4.11. Table- 4.1 shows the
corresponding experimental operating parameters.

The hardware setup of the dual inverter-driven OEWIM was tested with V/F control
at full load using the conventional SSCP and proposed OSCP switching. In order to
show the efficacy of the proposed OSCP switching in deriving sinusoidal load current, the
experimental validation is depicted in Fig. 4.12. The Fig. 4.12 shows the a-phase voltage
and three-phase currents at null time placement using criteria p=0.5 and q=0.5 (left),
p=0.7 and q=0.3 (middle), and p=1 and q=0 (right). From Fig. 4.12 it is evident that
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Figure 4.11: The dual inverter configuration lab experimental setup.

Table 4.1: Experimental parameters of dual inverter and OEWIM

‘ Parameters ‘ Symbols ‘ Values ‘ Units
Inverter Parameters

DC Bus Voltage Vie, = Ve, 295 Volt
Fundamental Frequency | Fp (V/F) | 33.33 Hz
Switching Frequency F 2400 Hz
DC Link Capacitor Cyc 1200 uf

Open end winding induction motor (OEWIM) parameters

Power P 5 HP
Line RMS voltage VLL(rms) 415 \Y
Rated current Lrms 8.5 A

Rated speed N, 1440 RPM
Fundamental Frequency F, 50 Hz
Stator leakage inductance Ly 22.48 mH
Stator resistance R 4.835 Q
Rotor leakage inductance L, 22.48 mH
Rotor resistance R, 4.835 Q
Magnetising inductance Ly, 0.803 H
Magnetising resistance R, 768.93 Q
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Figure 4.12: Experimental results of a-phase voltage (top trace), three-phase currents
(second trace), FFT spectrum of phase voltage (third trace), and FFT spectrum of
three-phase currents (Fourth trace) for proposed OSCP switching mechanisms.

the output phase voltage and currents total harmonic distortion (THD) is higher at p=0.5
(81.34% & 1.502%), moderate at p=0.7 (73.17% & 1.24%), and lowest at p=1 (55.73%
& 0.96%). It confirms that the reduced %THD of phase voltage and phase current at
p=1 (or p=0) i.e, placing the unsegregated null time on either side of the sampling time

interval.

To demonstrate the influence of switching sequences, in this work, SSCP and OSCP are
compared at no load and full load conditions by adjusting the null time in a sampling time
interval through the appropriate selection of p and q. Fig. 4.13 describes the experimental
ripple analysis by keeping unsegregated null time at the corner of the sampling time interval
with p=0 and q=1. In this case, the DC capacitor current, the DC source current ripple
and the DC bus voltage ripple are compared as shown in Fig. 4.13(a) and Fig. 4.13(b)
for inverter-1 and inverter-2 with SSCP and OSCP switching respectively. With the
proposed sequence, the DC source current ripple and DC bus voltage ripple are reduced
to 60 mA from 80 mA and 60 mV from 80mV, respectively, compared to the conventional
sequence (SSCP). It indicates the 25% reduction in the current ripple and voltage ripple
in experimental validation as shown in Fig. 4.13. It means with conventional SSCP, to get
the same DC source current ripple of OSCP, it is required to increase the capacitance value
by 25% (from 1200 uF to 1600 pF). For clear visualization, zoomed portions of current and

voltage ripple behavior of dual inverter at different switching states (at reference voltage
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Figure 4.13: The experimental results with SSCP (left) and OSCP (right) switching by
operating dual inverter drive with v/f control (frequency 33.33 HZ) at p=0 & g=1 in

no-load condition.
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angle § = 15°) are shown in Fig. 4.13(c) and Fig. 4.13(d). From the zoomed portion,
it is evident that the capacitor current pattern and voltage ripple pattern match with
the theoretically analyzed capacitor current and voltage ripple patterns depicted in Fig.
4.5 in both SSCP and OSCP switching. As it is observed from Fig. 4.13(f), the load
current ripple is unchanged in both SSCP (left) and OSCP (right) switching as claimed in
this work. Similarly, at motor full load condition, the unsegregated null vector sequences
i.e. SSCP and OSCP are further analyzed by comparing the DC capacitor current, DC
source current ripple, and DC bus voltage ripple of inverter-1 and inverter-2 as shown in
Fig. 4.14. At full load, the power factor angle is at § = 28°. Based on the power factor
angle, the switching algorithm automatically derives the switching sequence described in
the preceding section to realize the lower voltage ripple as shown in Fig. 4.14(e). With
the dynamic sequencing, the OSCP realizes the lower voltage and source current ripple
compared to SSCP as demonstrated through Fig. 4.14(a) to Fig. 4.14(d). However, at full
load, the DC bus voltage ripple decreases without influencing the current ripple as shown
in Fig. 4.14(f). In order to show the superiority of unsegregated null time over the unequal
null time segregation in terms of voltage ripple and source current ripple minimization,

the experimental results are taken at p=0.3 & q=0.7 and shown in Fig. 4.15.
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(a) The Inverter-1 DC capacitor current (top), source current ripple (middle) and DC voltage ripple
(bottom)
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Figure 4.15: DC capacitor current(top trace), Source current ripple (middle trace) and
DC voltage ripple (bottom trace) for inverter-1 (First figure), load current ripple at p=0.3
& q=0.7 operated in no load condition with speed of 1000 RPM for SSCP (left) and OSCP
(right) switching.

It is observed from Fig. 4.15 that the DC voltage ripple is lesser in the case of OSCP
switching as compared to SSCP switching at p=0.3 and q=0.7 while the load current
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peak-to-peak ripple is same for both switchings. Further, with SSCP and OSCP sequences
at different null time segregation are compared in terms of DC voltage ripple and DC source
current ripple and presented in Table-4.2 at no load conditions. Table-4.2 confirms that
the SSCP and OSCP yield the same current %THD at the unsegregated null time, but
the minimum DC voltage ripple is generated from OSCP sequencing. At the same time,
the conventional SSCP yields the maximum DC bus voltage ripple at the unsegregated
null time. It confirms the superiority of the OSCP over the SSCP in reducing the DC bus
voltage ripple without altering the AC current ripple.

Table 4.2: Variation of DC bus voltage ripple for SSCP and OSCP switching at No-load
condition of OEWIM (Vy., = 295V and i4.s, = 0.4118A)

) AVye, in mV Alges, in mA % Load Current
reduction | THD (SSCP &
OSCP)

SSCP OSCP SSCP OSCP
p=0 93.81 60.77 93.81 60.77 35.20 % 4.761 %
p=0.1 90.89 64.50 90.89 64.50 29.03 % 4.982 %
p=0.2 87.40 68.28 87.40 68.28 21.87 % 5.321 %
p=0.3 84.16 71.34 84.16 71.34 15.23 % 5.723 %

p=0.4 80.58 75.13 80.58 75.13 6.7 % 6.342 %
p=0.5 7772 7772 7772 7772 0 % 7.633 %
p=0.6 80.58 75.13 80.58 75.13 6.7 % 6.342 %

p=0.7 84.16 71.34 84.16 71.34 15.23 % 5.723 %
p=0.8 87.40 68.28 87.40 68.28 21.87 % 5.321 %
p=0.9 90.89 64.50 90.89 64.50 29.03 % 4.982 %

p=1 93.81 60.77 93.81 60.77 35.20 % 4.761 %
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Figure 4.16: (a)Variation of per unit peak to peak DC bus voltage ripple with varying p
at different modulation index (m,) for SSCP switching, (AVy, (base) = 200mV) (b)The
comparison of peak to peak DC bus voltage ripple with the variation of p at m, = 0.6 for
SSCP and OSCP switching

Further, the DC capacitance requirement at different loading conditions and null time
segregation are computed using the reference minimum DC voltage ripple condition (i.e.,
no load with OSCP condition) as tabulated in Table-4.3. From Table-4.3, it is clear that
the OSCP (proposed sequence) demands lesser DC capacitance compared to SSCP at a
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Table 4.3: Requirement of DC link capacitor in uF with respect to loading of OEWIM and
null time segregation by considering the no load DC capacitor requirement at p = 0 and
q = 1 as base value(cell top value corresponds to SSCP and cell down value corresponds

to OSCP)

Loading
No load | 0.25 F.L. 0.5 F.L. 0.75 F.L. Full load
1 sl @ (N.L.) (F.L.)
1857(uF) 3216(uF) 6686 (uF) 10682(uF 14931 (puF
p=0,q=1
1200(uF) 2007 (uF) 4970(uF) 9025(uF) 2865(uF)
1634(uF) 2768 (uF) 5497(uF) 8128(uF) 10584(uF
p=0.3,9=0.7
1385(uF) 2140(uF) 3859 (uF) 6140(uF) 9298 (uF)
1354(uF) 2456 (uF) 4697(uF) 6608(uF) 8401 (uF)
p=0.5,q=0.5
1354(uF) 2456(uF) 4697(uF) 6608(uF) 8401 (uF)
1634(uF) 2768 (uF) 5497(uF) 8128(uF) 10584 (uF
p=0.7,=0.3
1385(uF) 2140(uF) 3859(uF) 6140(uF) 9298(uF)
1857(uF) 3216(uF) 6686(uF) 10682 (uF 14931 (pF
p=1,9=0
1200(uF) 2007 (uF) 4970(uF) 9025(uF) 2865(uF)

given voltage ripple percentage. It can be further observed that the capacitance saving
is maximum if the null time is unsegregated (p=0, q=1) and no change in the case of
equal segregation (p=0.5 and q=0.5) as evident from the Table-4.3. The reason is that
when p=0.5 and q=0.5, the null switching time is evenly distributed within the sampling
time interval. Half of the null time is placed at the beginning of the sampling interval,
and the other half is placed at the end. In the case of OSCP switching, the negative
capacitor current-generating switching state should be positioned adjacent to the highest
null time distribution. This helps reduce the DC bus voltage ripple, as shown in Fig. .
However, at p=0.5 and q=0.5, the null states are evenly distributed. This means that
the negative capacitor current-generating switching state can be placed next to any null
time, as they are equally distributed. As a result, the DC voltage ripple generated in
SSCP and OSCP switching will have the same magnitude at p=0.5 and q=0.5. For a
consolidated comparison of SSCP and OSCP, the DC bus voltage ripple variation with
different modulation indices by varying the null time segregation percentage is presented
in Fig. 4.16.
states are placed together (SSCP); thus, the minimum DC voltage ripple can be seen at

In this comparison, the same polarity capacitor current yield switching

equal null vector segregation (p=0.5) at all modulation indices as shown in Fig. 4.16(a).
Whereas in the case of alternative capacitor current yield switching states (OSCP), the
minimum voltage ripple can be seen at p=0 and q=1 (unsegregated null time) at all

modulation compared to null time segregated PWMs; thus, the requirement of the DC
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capacitor is reduced by 10% compared to SVPWM (p=0.5 and q=0.5), and 35% compare
to unsegregated null time with SSCP as shown in Fig. 4.16(b).

4.5 Conclusion

This work presented in this chapter identifies that the DC voltage ripple and DC source
current ripple in a dual inverter configuration is a function of individual inverter switching
and motor impedance. The switching sequence dependency on the DC voltage ripple and
DC source current ripple is studied by segregating null time and placing it at different
locations along with the active vector in a sampling time interval. The analysis revealed
that placing switching vectors with the alternative capacitor current along with the
unsegregated null time yields the minimum DC voltage ripple and DC source current
ripple. With the identified constraints to derive the minimum DC voltage and DC source
current ripple, a new active and null vector placement methodology is proposed in this
work. The proposed method is simplified by computing the polarity of only one switching
vector as the null vector and another switching state always exhibit the unaltered capacitor
current polarity. By following the proposed switching sequence, it is clearly identified that
the DC capacitance value can be reduced to 12% (% * 100) at a given voltage ripple
for OSCP switching with full load condition .
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Chapter 5

Conclusion

In conclusion, this thesis successfully presents a comprehensive approach to analyze and
minimize the DC link ripple for VSIs through innovative algorithms and methodologies.
Chapter 1 lays the foundation by proposing a novel algorithm to select the minimum
DC voltage ripple generating PWM. The approach begins with a detailed mathematical
modeling of the DC capacitor current using d-q axes error voltage computation, projected
onto the load reference frame. This modeling facilitates the identification of operating
regions crucial for minimizing DC voltage ripple. Through exhaustive examination, it is
found that DPWM-4 and SVPWM are the prime contenders for achieving minimal DC
voltage ripple, with empirical validation demonstrating remarkable reductions. Through
analysis and hardware results, it is identified that the SVPWM achieves a DC bus voltage
ripple of 480 mV at § = 30° , while DPWM-4 achieves 500 mV at § = 60°, highlighting
the practical applicability and effectiveness of the proposed algorithm.

Chapter 2 builds on this by demonstrating a DC bus voltage ripple computational method
that exploits AC error voltage vector information for dual inverter with the common DC
link. This model is independent of instantaneous current information, making it an offline
model suitable for assessing PWM techniques for minimum voltage ripple. The method
identifies that the AEVSS switching sequence yields a lower voltage ripple compared to
the CEVSS sequence when load angle greater than 0° and less than 90°. This conclusion
is supported by computing the voltage ripple RMS value at various modulations and
loading conditions. The analysis confirms that using the AEVSS method reduces the
required DC capacitor size by 35% compared to the CEVSS method to achieve the
designated DC voltage ripple at mg= 0.6 and § = 60°. Considering the worst case
scenario, the DC capacitor requirement is reduced by 8.82% at § = 10° and 27.16% at
6 = 30° for AEVSS switching compared to CEVSS switching.

Chapter 3 explores the relationship between DC voltage ripple, DC source current ripple,
individual inverter switching, and motor impedance in a dual inverter configuration with
separate DC link. The chapter studies the dependency of switching sequences on DC
voltage ripple and DC source current ripple by segregating null time and placing it at
different locations along with the active vector in a sampling time interval. The analysis
reveals that placing switching vectors with alternative capacitor current along with
unsegregated null time results in the minimum DC voltage ripple and DC source current

ripple. Based on these insights, a new active and null vector placement methodology
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is proposed. This method simplifies the computation process by requiring the polarity
computation of only one switching vector as the null vector and other switching state
maintains an unaltered capacitor current polarity. This approach demonstrates that the
maximum DC capacitance value can be reduced by 35% with unsegregated null time
distribution (p=0/1 and q=1/0) at m,=0.6 and § = 60°, whereas no reduction is observed
with equal null time distribution (p=0.5 and q=0.5) with the proposed OSCP switching
at a given voltage ripple. In worst case scenario, the DC capacitance can be reduced by
12% for OEWIM operating from dual inverter with separate DC link.

Overall, this thesis makes significant contributions to the field of power electronics and
inverter design by presenting innovative methodologies and algorithms that effectively
minimize DC voltage ripple. The findings underscore the practical applicability and
efficiency of the proposed solutions, offering valuable insights for the design and

optimization of three-phase, two-level voltage source inverters in real-world applications.

5.1 Scope of Future Research

1. Exploration of DC Link Ripple Analysis: Future research will delve into
conducting DC link ripple analysis to explore its applicability in active filtering and
enhancing fault ride-through capabilities. This investigation aims to understand
how DC link ripple affects system performance and the potential for mitigating its

effects through active filtering techniques and fault ride-through capability.

2. Development of ESR Prediction Models: Subsequent studies will focus on
developing prediction models for the equivalent series resistance (ESR) of DC
capacitors. This research endeavor seeks to establish reliable methods for estimating
ESR values, which are crucial for assessing capacitor performance and ensuring

optimal operation of power electronic systems.

3. Life Analysis of DC Capacitors: Future work will involve conducting life
analysis studies on DC capacitors for both motor drive and grid-connected inverter
applications. This analysis aims to investigate the longevity and reliability of
DC capacitors under different operating conditions, providing insights into their
suitability for specific applications and informing maintenance and replacement

strategies.
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