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ABSTRACT

Hegde, Shweta. M.S.E.C.E., Purdue University, May 2014. Solar Micro Inverter. Major
Professors: Afshin Izadian and Maher Rizkalla.

The existing topologies of solar micro inverter use a number of stages before the DC
input voltage can be converted to AC output voltage. These stages may contain one or
more power converters. It may also contain a diode rectifier, transformer and filter. The

number of active and passive components is very high.

In this thesis, the design of a new solar micro inverter is proposed. This new micro
inverter consists of a new single switch inverter which is obtained by modifying the
already existing single ended primary inductor (SEPIC) DC-DC converter. This new
inverter is capable of generating pure sinusoidal waveform from DC input voltage. The
design and operation of the new inverter are studied in detail. This new inverter works
with a controller to produce any kind of output waveform. The inverter is found to have
four different modes of operation. The new inverter is modeled using state space
averaging. The system is a fourth order system which is non-linear due to the inherent
switching involved in the circuit. The system is linearized around an operating point to
study the system as a linear system. The control to output transfer function of the inverter
is found to be non-minimum phase. The transfer functions are studied using root locus.
From the control perspective, the presence of right half zero makes the design of the

controller structure complicated.

The PV cell is modeled using the cell equations in MATLAB. A maximum power
point tracking (MPPT) technique is implemented to make sure the output power of the
PV cell is always maximum which allows full utilization of the power from the PV cell.

The perturb and observe (P&O) algorithm is the simplest and is used here.



xii

The use of this new inverter eliminates the wvarious stages involved in the
conventional solar micro inverter. Simulation and experimental results carried out on the

setup validate the proposed structure of inverter.



CHAPTER 1. INTRODUCTION

1.1 Need for Renewable Energy

The rapid depletion of fossil fuel resources has created an urgent need for use of
alternate and renewable energy sources to meet the coming scary future of rapid
consumption and population growth [1]. Today’s world is excessively worried about
fossil fuel exhaustion and environmental impacts, hence renewable energy sources such
as wind energy, solar power, thermal gradients, biomass energy, etc. have become the
hub of the present generation for energy extraction. Green energy sources flourish in our
surroundings. Among the diverse ambient energy sources available, solar energy has
become the most popular one since it is clean, inexhaustible and free [2]. The use of the
photovoltaic (PV) array as an electrical energy source is providing to be a critical solution

to the long awaited answer to the growing energy demand [1].

Since the shortage of traditional fossil fuel is getting increasingly acute and thermal
power generation is unfriendly to the environment, alternative and renewable energy is
gaining more and more importance. Compared to other inexhaustible and clean source
such as wind energy, solar energy can be easily developed with a wider range in the
world. Recently, the photovoltaic (PV) power conversion development comes into

people’s view due to a remarkable advancement [3].

Even though the availability of solar energy depends on the climatic conditions, it has
higher power density compared to supplementary renewable energy sources which makes
it more popular. Numerous methods exist for extracting solar energy. Many conventional

methods include a dc-dc converter followed by an inverter for ac voltage applications [2].



Photovoltaic (PV) generation is gaining increased importance as a renewable source
due to its advantages like absence of fuel cost, little maintenance, no noise and no wear
due to absence of moving parts etc. In particular, energy conversion from solar cell array
(SCA) received considerable attention in the last two decades [4]. The continuing
decrease of the cost of the PV’s, the advancement of power electronic and semiconductor
technology and favorable incentives in a number of industrial countries in general had a
profound impact on the commercial acceptance of grid connected PV systems in the
recent years. A core technology associated with these systems remains the inverter, which
has evolved to quite mature technology offering a number of advantages to customers
that were not possible many years ago. The technology has changed from line
commutated inverters to switch mode ones mainly due to the availability of high

frequency fully-controlled switching devices [5].

1.2 DC-AC Converters

Switch-mode dc- ac inverters have been used in various types of applications, such as
uninterruptible power supplies, communication ring generators, aerospace power systems,
and variable-speed ac machine drives [6]. Traditionally, a bridge configuration is
employed for the switch-mode dc-to-ac inverters. By using a pulse width modulation
(PWM) switching technique, the input dc voltage is transformed into a high-frequency
pulse waveform at the output of the bridge. Through a filter, this high-frequency pulsed
voltage is smoothed into a sinusoidal waveform [6]. However, switch-mode dc-ac
inverters which employ dc-dc converter topology have eliminated the use of a filter at the

output [7].

Conventional voltage-fed inverters (VSI) are subject to the inherent drawbacks that
they can either step down or step up voltage. In addition the upper and lower devices of
each phase leg cannot be gated on or off simultaneously in the conventional voltage-fed
inverter, either by purpose or EMI noises [8]. As the number of levels of output required
increases, the number of active and passive elements required in VSI increases which

increases the cost and volume. A possible solution to improve power density while



keeping the cost low is to reduce the active and passive components. This led to interest
among researchers to develop inverter topologies having reduced count of switches [9] -

[15].

In recent years, the increase in medium and high voltage and power applications has
led to development of voltage source inverters. The developments of flexible ac
transmission system devices, medium voltage drives, and different types of distributed
generations, have provided great opportunities for the implementations of medium and
high power inverters. In these applications, the frequency of the pulse-width modulation
(PWM) is often limited by switching losses and electromagnetic interferences caused by
high dv/dt [16]. Since multilevel inverters have a large number of power devices, any
device failure may cause the abnormal operation of the electrical drives, and require
shutdown of the inverter and the whole system to avoid further serious damage. However,
in some critical industrial processes with high standstill cost and safety-aspect concern,

high reliability and survivability of the drive system is very important [17].

The DC-DC converters that can operate in both buck and boost modes are buck-boost,
Cuk, and SEPIC converters. However, the buck-boost and Cuk converters, in their basic
form, produce the output voltage, whose polarity is reversed from the input voltage [18].
On the other hands, the SEPIC (Single-Ended Primary Inductor Converter) converter is
capable of operating in both step-up and step- down modes and does not suffer from the

polarity reversal problem.

Multilevel inverters have been preferred in high voltage and high power applications.
The reason is the large number of advantages it has over two level inverters. They have
the advantage of producing high-voltage, high-power capability with improved voltage
quality. It also reduces the power ratings of the required power devices. As the number of
voltage level increases, the output voltage waveform adds more steps and the output
waveform has lower total harmonic distortion (THD) [13]. For a pure sinusoidal
waveform as output, the numbers of levels required are infinite. In addition, the output
filtering capacitors in the dc-to-dc converters can be a dc-type capacitor, e.g., an

electrolytic capacitor which is smaller and less expensive than the ac-type capacitor for



the same capacity required in the bridge configuration. However, the inverters using
bridge configuration must use an ac-type capacitor as a filter. More important is that, with
a dc-dc converter topology, the advanced control techniques, such as current mode
control, digital data sampling control, and sliding-mode control, etc., developed from the
investigations of dc-dc converters can be directly applied to the dc-ac switch mode

inverter. Therefore, a good dynamic performance can be achieved [6].

Compared to the bridge-type inverter, the inverter using a dc-dc converter
configuration has several advantages. Only one switch operates at high frequency and, as
a result, switching losses will be significantly lower [15]. In inverters, the total power
losses can be divided into the following: switching losses, snubber losses, conduction
losses and off-state losses. Generally, switching losses depend on switching frequency of
power semiconductor devices and instantaneous value of device voltage and current
during switching interval. Increasing the switching frequency reduces the need of
filtering equipment but leads to high switching losses and decrease in efficiency. In low
switching frequency applications, the proportion of switching losses is very less and can
be neglected because total switching time is much less than the switching cycle.
Switching losses become dominant part of the total power loss in high switching
frequency applications [9]. In a multilevel inverter, large number of levels requires large
number of switching devices which leads to large switching losses. Reducing the
switching losses is an important issue to increase the power capability of standard
inverters. Since a significant part of the losses is directly proportional to the switching
frequency of the semiconductor devices, this should be reduced in order to increase the
maximum rated load current. Unfortunately this will increase the current harmonics due
to the lower effective PWM frequency and consequently the maximum fundamental
current is reduced [19]. However, the major advantage of multilevel inverter is that their
switching frequency can be lower than the conventional two level inverter for the same
THD of the output voltage, which means lower switching losses [13]. The switching

losses can also be reduced if the number of switches used in the inverter is reduced.



1.3 About this thesis

In this thesis, a new topology for the solar micro inverter is introduced. The
conventional bridge inverter is replaced by a new single switch inverter which is a
modified version of the DC-DC SEPIC converter. The design and operation of the new
inverter is studied. The inverter is modeled using state space averaging technique and
small signal modeling. The control to output transfer function of the inverter is studied
using root locus maps. The effect of varying component values on the operation of the
inverter is studied in detail. On the basis of this study, a controller is designed for the
inverter which enhances the capability of the inverter to produce a sinusoidal output
waveform. A sizing procedure is developed for the new inverter. The advantage that this
inverter possesses over conventional bridge inverters and multilevel inverters is that the
efficiency is improved while the switch count is reduced. Also, the total harmonic

distortion is reduced to a great extent.

This inverter, along with a PV array will complete the new model of solar micro
inverter. A maximum power point tracking (MPPT) method needs to be implemented to
ensure that the maximum power is always harnessed. The perturb and observe (P&O)
algorithm is used as it is the simplest algorithm. While the algorithm ensures that the
panel operates at the voltage associated with maximum power, the inverter is capable of
boosting and inverting the voltage to be compatible with the grid. Simulation and

experimental results validate the operation of the proposed inverter.



CHAPTER 2. SOLAR MICRO INVERTER

2.1 Introduction

With the draining of fossil fuel and increasingly serious pollution caused by
traditional power generation methods across the world, renewable and pollution-free
energy has gained much attention in economic and political fields. Majority of renewable
energy sources include photovoltaic (PV) and wind power generation systems. Wide
application of renewable energy is now impeded by cost and extensive researches shall
be conducted in order to improve the cost effectiveness. PV converter systems, also
known as solar inverters, have gained popularity in recent years as a convenient

renewable energy with bright prospects [20].

A solar micro inverter is a device that is capable of converting the dc voltage obtained
from the solar PV array into grid-compatible ac voltage. Typically, the micro inverter is
attached to every single PV panel. As the name suggests, these inverters are designed for
lower power ranges, usually 190-220 W. However, as the capacity of solar panels

increases, the size of micro-inverters should increase as well.

Micro inverters connected to a single PV panel are becoming the trend for the future
of grid-connected PV systems due to the following reasons [21]:

1) Improved energy harvest

2) Improved system efficiency

3) Lower installation costs

4) Plug-N-play operation

5) Enhanced flexibility and modularity



2.2 Evolution of Solar Inverters

1. Centralized Inverters: The PV modules are divided into series connections
(called a string), where each string is capable of generating a sufficiently high
to avoid further amplification. These series connections panels are then
connected in parallel, through string diodes, in order to reach high power levels.
This centralized inverter includes some severe limitations, such as high-voltage
dc cables between the PV modules and the inverter, power losses due to a
centralized MPPT, mismatch losses between the PV modules, losses in the
string diodes, and a nonflexible design where the benefits of mass production
cannot be reached. The grid-connected stage was usually line-commutated by
means of thyristors, involving many current harmonics and poor power quality

[22].

PV PV

Grid

DC :
AC

PV PV

Figure 2.1 Centralized inverter

Advantages of Centralized Inverters [23]:
i.  Low capital price per watt
ii.  High efficiency

iii.  Comparative ease of installation — a single unit in some scenarios

Disadvantages of Centralized Inverters [23]:
1. Size and Noise

1. A single potential point of entire system failure



2. String Inverters: The string inverter is a reduced version of the centralized
inverter. In this type of inverter, a single string of the PV modules is connected
to each inverter [22]. The input voltage may or may not be sufficiently high to
avoid voltage amplification depending on the number of PV panels [3]. The
choice of employing fewer number of PV modules in series also exists, if a dc—
dc converter or line-frequency transformer is used to provide voltage
amplification. There are no losses associated with string diodes and separate
MPPTs can be applied to each string. This increases the overall efficiency
compared to the centralized inverter, and reduces the price. The device can now
be used like a “plug and play” device, which can be used by person without any
knowledge of electrical installations. On the other hand, the necessary high
voltage-amplification may reduce the overall efficiency and increase the price
per watt, because of more complex circuit topologies. On the other hand, the ac
module is intended to be mass produced, which leads to low manufacturing cost
and low retail prices [22]. Powers of such inverters are relatively low, which

can result in the low internal temperature and prolong inverter operating life [3].

DC

PV PV AC

Grid

___________ DC
PV PV AC

Figure 2.2 String inverter

Advantages of String Inverters [23]:
1. Allows for high design flexibility
ii.  High Efficiency

1ii.  Robustness



1v.

Vi.

Vil.

3-phase variations available
Low cost
Well supported

Remote system monitoring capabilities

Disadvantages of String Inverters [23]:

L.
1l

1il.

No panel level MPPT
No panel level monitoring

High voltage levels present a potential safety hazard.

3. Multi String Inverters: The multi-string inverter is the further development of

the string inverter, where several strings are connected to their own dc—dc

converter and then a common dc—ac inverter is used to interface the common

dc-link to the AC grid. The advantage that this configuration offers over the

centralized inverters is that every string can be controlled individually. The size

of the system can be increased easily as a new string with a dc-dc converter can

be plugged into the existing system [22]. Therefore, it can achieve a higher

system efficiency and more flexible design scheme [3].

DC

PV PV DC

Grid

DC
AC C j

DC
PV PV DC

Figure 2.3 Multi string inverter

4. Micro Inverters: A PV module composed of a PV panel with an individual DC-

AC inverter is called solar micro-inverter. In micro inverters, one inverter is

connected to each solar panel. These inverters are connected to the back of
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every solar panel [24]. This structure integrates the PV module and the inverter
into a device. Each micro-inverter needs to harvest the optimum power by
performing maximum power point tracking for its connected panel. Since there
is only a PV module, it has several merits such as no mismatch of losses and
easy realization of optimal adjustment between different units. With this
modular structure, the system is easier to enlarge. Besides, even persons
without relevant knowledge can use the device since it can be produced as a

plug-and-play unit [3].

Grid

DC
AC C :

PV

Figure 2.4 Micro inverter

Advantages of Micro Inverter [23]:

i.  Panel level MPPT
ii.  Increase system availability — a single manufacturing panel will not have
such an impact on entire array
iii.  Panel level monitoring
iv.  Lower dc voltage, increasing safety. No need for ~600V dc cabling
requiring conduits
v.  Allows for increased design flexibility, modules can be oriented in
different directions
vi.  Increased yield from sites that suffer from overshadowing as one
shadowed module doesn’t drag down a whole string
vii.  No need to calculate string lengths — simple to design systems
viii.  Ability to use different makes/models of modules in one system,

particularly when repairing or updating older systems
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Disadvantages of Micro inverter [23]:

i.  Higher costs in terms of dollars per watt, currently up to double the cost
compared to string inverters
ii.  Increased complexity in installation.
iii.  Given their positioning in an installation, some micro inverters may have

issues in extreme heat.

iv.  Increased maintenance costs due to there being multiple units in an n

array.

However, all the advantages that micro inverters have come with additional
design challenges. The two main challenges associated with micro inverters are
achieving the high efficiency and keeping low cost-per-watt of generation.
These challenges become much more significant due to several system
constraints: high-voltage transformation ratio from low-voltage DC panel
voltage to grid compatible AC-voltage, safety isolation requirements, extreme
temperature variations and uncontrolled environmental conditions due to its
mounting to the solar panels, lower profile and expectation of very high
reliability (comparable with the solar panel itself). Due to these design
challenges there is always a quest for newer and better topologies/techniques in

solar inverter manufacturers [24].

2.3  Types of Micro Inverters

Traditionally two approaches for energy conversion are being used in the solar
inverters. The first approach is to use a single-stage topology. In this approach, the solar
panel DC-voltage is converted to AC-voltage in a single step or there is only a high
frequency switching stage [24]. A DC-AC inverter forms the high frequency stage and a
transformer is used at the inverter output terminals. The second approach is called as two-
stage or multiple-stage approach. In this type the solar panel, voltage is converted to AC
voltage in multiple stages of power conversion. First, the low voltage from the panel is

converted into a high-voltage DC and then the high-voltage DC is converted to a grid-
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compatible AC-voltage [24]. In this scheme, the PV system requires to have two power
electronic converters which have power rating almost equal to the PV array power
capability. Further, this scheme needs the synchronized control circuitry both for dc-dc
converter and inverter. The only advantage of this scheme is that it reduces the
transformer [4]. Since the single-stage architecture has a single high frequency switching
converter, the number of power electronic converters requirement, in this scheme, is less
and the problems arising due to them are also less [4]. It also leads to lower overall losses
in the system. This leads to the conclusion that this is a better approach for achieving

high efficiency [24].

Based on the electrical isolation between the input and output terminals, inverters can
be classified as isolated inverters or non-isolated inverters. While electrical isolation is
usually achieved using transformers, either line-frequency transformers as in Figure 2.5
or high-frequency transformers as in Figure 2.6 can be employed. Depending on the input
dc voltage range in comparison to the output ac voltage, inverters can be buck inverters,

boost inverters, or buck-boost inverters [25].

£ -
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Figure 2.5 Traditional buck inverter and line-frequency transformer
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Figure 2.6 Multiple-stage inverter with high frequency transformer
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The inverters shown in Figures 2.5 and 2.6 function as buck inverters, but the entire
topologies together represent either a boost or a buck-boost inverter owing to the PWM

operations implemented and step up the voltage in low frequency or high frequency.
Based on the number of power switches [25], single-phase inverters can be classified as

1) Four-switch topologies

2) Six-switch topologies

In a multiple-stage power inverter, e.g., a two-stage inverter, boost and isolation (if
necessary) are carried out in the first stage while the inversion is conducted in the second
stage [25]. The controls for each stage can be implemented separately or a single
synchronous control system can be designed to control all stages simultaneously. A
number of multiple stage topologies have been found which would use the buck-boost
nature of an inverter. For the buck or boost operation, either a dc—dc converter or dc—ac—
dc converter can be used in the first stage. For the choice of dc-link, the system can be
configured with a dc-link followed by a PWM inverter or a pseudo-dc-link followed by a

line-frequency operated inverter [25].
Multiple-stage inverters can be classified as:

1) DC-DC-AC topologies: In this topology, the power conversion process can be

easily divided into two different stages — dc-dc and dc-ac conversions. In this case,
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the dc-dc converter may be controlled to track the maximum power point of the
PV module and the dc-ac converter may be controlled to produce ac power of

unity power factor [26].

Many conventional methods include a de-dc converter followed by an inverter
for ac voltage applications [2]. In this topology, the dc voltage from the solar
panel is stepped up to a higher level by a dc-dc converter and then the inversion is
achieved by using a dc-ac converter stage. The first method is to the use
transformerless inverters which have the advantage of reduced size and cost and
high efficiency. In these inverters, the necessary boosting of voltage may not be
obtained for the universal grid voltage range (85-265V ac). Also, in the absence
of transformers, there are serious issues related to the grounding of the solar cell
side of the inverter. The second method uses an isolated scheme which consists of
one or more dc voltage boosting stages and an inverter with proper isolation using
a line frequency or high frequency transformer. The problems of insufficient
voltage boosting and grounding of solar cell can be eliminated by using this
topology. Also the problem of leakage current caused by the earth parasitic

capacitance is avoided using isolation transformer [2].

A two stage boost inverter can be formed by cascading a DC-DC boost
converter before the buck inverter as shown in Figure 2.7. In this topology, the
output of the first stage is raised dc voltage with tolerable ripple. A high
frequency PWM buck inverter is used in the second stage to generate the required
ac waveforms. In this topology, synchronization between the two stages is not
required. The control of output power is usually implemented in the second stage.
Also, controls can be implemented on the first stage so as to make the dc link
voltage a rectified sine wave. Then the second stage would only need to convert
the waveform into ac voltage of line frequency. This method would improve the
efficiency by reducing the overall switching losses and saving the large

intermediate dc-link capacitor [25].
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Figure 2.7 Two stage boost inverter

According to the dc link configurations, the micro inverter topologies can be

classified into three different arrangements:

a) With dc-link: The dc-dc conversion may be achieved by using half bridge

converter, full bridge converter, push-pull converter, buck boost converter, fly

back converter, cuk converter, zeta converter, D2 converter or two inductor

boost converter. The dc-ac conversion is obtained by using a full bridge

inverter.
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DC-DC Converter
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Figure 2.8 Micro-inverter with dc-link

In this topology, the power conversion process can be simply divided into two

separate stages: dc-dc and dc-ac. Usually, the dc-dc converter is controlled in a way to

track the maximum power point of the solar PV array. The dc-ac converter may be

controlled to obtain desired ac power.
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However, two major drawbacks do exist in this arrangement [26].

o The dc—ac converter generally requires PWM control in order to meet the
harmonic requirements by the grid but this control technique is
comparatively complex to implement. The control circuitry can be greatly
simplified by the modern microcontroller technology but complications do
exist in the gate driver design in order to produce fast turn-on and turn-off
transients under high frequencies.

o If only the hard-switching topologies are used, the switching loss tends to
be high as the semiconductors in both conversion stages switch at high
frequencies. Power loss in the gate driving circuit can also be significant
with the conventional totem-pole arrangement and this will further
deteriorate the converter overall efficiency. To minimize the drawback of
this arrangement, soft switching technique can be utilized in both
conversion stages. However, the tradeoff could be higher components

count therefore a higher cost and a lower reliability.

In this arrangement, it is favorable to place the power balancing capacitor at the dc
link. Since the dc link voltage is of the same level as the grid, the energy stored by the

capacitor per unit volume is high and this allows a better and condensed overall design.

b) Pseudo dc-link: In this topology, a rectified sinusoidal voltage is generated on
the dc link by a modulated dc-dc converter or the cascade of a modulated dc-
dc converter and a non-modulated dc-dc converter. A grid-commutated dc—ac
converter with the square-wave control unfolds the link voltage to the

sinusoidal form in phase with the grid [26].
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Figure 2.9 Micro-inverter with pseudo dc-link

Amongst all the existing topologies based on the dc-links, the micro inverter with a
pseudo dc link has received the greatest interest and a large number of the reviewed
topologies employ this arrangement [26]. Except the ease of design of controller for this
micro inverter, the advantage that this topology offers is that the dc-ac inversion occurs at
line frequency. Simple square-wave control can be employed and high switching losses
can be avoided even with the hard-switched design. However, more challenging control
techniques may be required in the dc—dc conversion stage due to the need for modulation
[26]. In this topology, if a non-isolated dc-dc converter is employed, high frequency

transformer can be removed to offer space and cost saving.

Further size and cost reduction of the micro inverters can be achieved by using the
single-stage converter topology. These topologies normally consist of two relatively
independent converters with possible shared passive components and each converter
produces a half cycle sinusoidal waveform 180 out of phase [26]. It has increased
efficiency due to the smaller component count and lower power loss. This topology does

suffer from the following drawbacks.

e The transformerless inverters have limited ac peak voltages that are less
than dc bus voltages.
e The dual grounding becomes a difficult issue in the transformerless

inverters.
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e The working range of dc voltage in the single-stage inverters is more

limited than the range of dc voltage in multi-stage inverters.

In this arrangement, the most favorable place for the power balancing capacitor is at
the converter input as it needs to provide a wide range of voltage for control. This would
eliminate any large capacitors present in the system. Compared with the capacitive
energy storage at the dc link, this solution has an obvious disadvantage of lower energy

storage per unit volume [26].

c) Without dc-link: Fig 2.10 shows the micro inverter implementation without a
dc link, where the dc voltage is transformed to a high frequency ac voltage
and amplified to a higher level compatible with the ac grid. A frequency
changer follows and directly translates the ac voltage or current of the high
frequency to that of the grid frequency in the absence of any kind of the dc
link [26].

e /] @

BN o

High Frequency
Transformer Frequency Changer

Figure 2.10 Micro-inverter without dc-link

The major advantage of the frequency-changer-based micro inverter is the reduction
of the total power conversion stages to two. With the current technology, the construction
of the bidirectional switches remains a challenge and this greatly hinders the development
of the micro inverter topologies with frequency changers. However, this arrangement
does open the possibility of lower component count and higher overall efficiency along

with the technology advancement [26].
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However, the system now required more sophisticated and higher bandwidth controls
as there is no intermediate energy storage stage. Also, the dc-dc and dc-ac stages of
power conversion can no longer be identified separately. In this configuration, the power
balancing capacitor needs to be connected at the input terminals of the converter as no
dc-link is available. As the capacitor experiences an ac voltage, the capacitor can be
easily implemented by a small non-polarized capacitor and the volume and the lifetime
issues of the large electrolytic capacitors can be avoided. The obvious advantage is that

the lifetime of the inverter can be significantly extended [26].

2) DC-AC-DC-AC topologies: Some topologies of inverters may require a high
boosting ratio for the voltage. These inverters may consist of a high frequency dc-
ac-dc converter to obtain a controlled dc voltage from a variable dc voltage and a
high frequency or line frequency inverter to generate the required ac output
waveforms. A number of topologies have been studied and they can be classified

into two categories depending on the intermediate dc-link.

a) Dc-link between two stages: A conventional topology consisting of an
intermediate dc-link is shown in Figure 2.6. The first inverter is responsible
for the boosting and control of the dc-link voltage. It also has a high frequency
step-up transformer, a rectifier and a dc filter. However, both the inverter
stages are operated at high switching frequency, thus leading to higher losses

and cost.

b) Pseudo dc-link between two stages: Figure 2.11 represents a multi stage boost
inverter which has a PWM dc pulse train implemented in the “pseudo dc-link”.
The pulse train consists of multiple pluses whose widths distribute in a
sinusoidal or semi-sinusoidal way repeating in half of an ac output period. The
advantage that this topology has over the former is that there are no dc filter
components required. The last stage implements an inverter switching at line
frequency to convert the train of dc pulses to required ac output waveform. A
low pass filter may be needed at the output to ensure that the total harmonic

distortion (THD) is within acceptable limits.
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Figure 2.11 Multiple-stage boost inverter with pseudo dc-link

3) DC-AC-AC topologies: For stand-alone or autonomous systems, a bidirectional
power flow is required in inverter control. In this case, provisions must be
provided for the power to flow from the output side to the input side [25]. For
these applications, a bidirectional ac-ac converter is used in the second stage
without an intermediate dc-link. This is done to eliminate the bulky intermediate
dc-link filter components as seen in most of the multi stage boost inverters. The
change in voltage level and isolation is provided by using a high frequency

transformer.

Review of multiple-stage topologies shows that it is desirable to use a high frequency
transformer in the first stage so as to increase the boosting ratio and provide the required
electrical isolation and a line-frequency inverter in the last stage to reduce total switching
losses. However, a multiple-stage inverter has two or more stages of power conversion to
achieve a wide input voltage range and a large power capacity as compared to a single-

stage inverter at the cost of additional power components and losses [25].

In order to achieve good system performance, at least four issues must be considered

in the micro inverter design [26].

1. Power Density: The power density is a sole indicator of the compactness of a
micro inverter. One of the highest power densities achieved to date in the
prototype design is 0.6 W /cm3 for a 110-W inverter. The goal for the next

generation micro inverters aims at around 1W /cm3.
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2. Efficiency: A high efficiency is a must in obtaining a compact micro inverter
design. However, compared with large converters, micro inverters have smaller
power ratings and tend to have lower efficiencies. The highest reported micro
inverter efficiency seen, for an isolated design, is 94% achieved by NKF OK4-
100 at 40% of the maximum input power. A “future” target of 95% was set in
1998 to further decrease the temperature stress and increase the lifetime of the
systems. It is not known if this has been achieved amongst the commercial micro
inverters with isolated designs and less than 500-W power rating although larger

PV inverters have achieved efficiencies higher than 98%.

3. Reliability: Because micro inverters are mounted on the PV module, it is
important that the lifetime of the micro inverter is comparable to that of the PV

module, which lasts more than 20 years.

4. Balance of System Cost: Balance of system (BOS) is defined as the parts of the
PV system other than the PV array cost and will become increasingly important as
the PV module costs drop. The major component of BOS cost in the micro
inverter systems is the cost of the inverters due to the absence of the storage

batteries.

Recently, most of research works on micro inverters still focus on low cost, high
efficiency, and new topologies. Typically, the micro inverter is attached to a single PV
panel, which requires that the micro inverter should have a lifespan matching the PV
panel’s one, namely 25 years. Therefore, achieving high reliability and long life span of

the micro inverters is very crucial and should be one of the top priorities [21].

2.4 New Micro inverter using single switch inverter

All existing models of micro inverters use either single stage or multiple stages of
power converters. They also use more components like a high frequency transformer,
filters, diode rectifier and a bridge inverter. A new single switch inverter is developed
which is capable of generating a pure sinusoidal waveform from a fixed DC input voltage.

The single switch inverter is a modified version of the existing SEPIC DC-DC converter.
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The use of the SEPIC based inverter as the solar inverter will eliminate the high
frequency switching converter, high frequency transformer, filter and diode rectifier. This

would reduce the size and cost of the micro-inverters.
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CHAPTER 3. SOLAR PV MODULE

3.1 Introduction

While exhaustion of fossil fuels and green house effects have become a huge concern
around the world, one of the most critical issues towards finding a solution for these
problems is finding an alternate energy as a long-term solution. Green energy offers the
promise of clean and abundant energy which can be harnessed from self-renewing
sources such as solar energy, geothermal energy and wind energy [27]. Photovoltaic
systems naturally harness the energy from the sun. Solar cells are capable of directly
converting the incident solar irradiation into electricity. Photovoltaic (PV) power
management concepts are essential to extract the maximum power from solar energy. PV
energy systems are being extensively studied because of its benefits of environmental

friendly and renewable characteristics [27].

Currently PV cells are one of the world’s fastest growing technologies to generate
electrical power. This technique is being used in more than 100 countries [28]. The
system has to be designed to be reliable and efficient. The system mainly consists of PV
modules, inverter and switching point for utility. Different types of PV cells will yield
different energy output; meanwhile the controlling technique of inverter is very important.
Inverter design should consider the size and capacity of the plant. On the other hand,
choosing the right controlling technique is needed in order to achieve an efficient

renewable energy system [28].

PV cell is very similar to that of a classical diode with a p-n junction. When the
junction absorbs light, the incident energy is absorbed by the photons. The absorbed
energy is transferred to the electron-proton system of the material, thus creating charge

carriers that are separated at the junction. The charge carriers may be electron—ion pairs



24

in a liquid electrolyte or electron—hole pairs in a solid semiconducting material. The
charge carriers in the junction region create a potential gradient, get accelerated under the
electric field, and circulate as current through an external circuit. The square of the
current multiplied by the resistance of the circuit is the power converted into electricity.
The remaining power of the photon elevates the temperature of the cell and dissipates

into the surroundings [29].

The solar cell described in the preceding subsection is the basic building block of the
PV power system. Typically, it is a few square inches in size and produces about 1 W of
power. To obtain high power, numerous such cells are connected in series and parallel
circuits on a panel (module) area of several square feet. The solar array or panel is
defined as a group of several modules electrically connected in a series—parallel

combination to generate the required current and voltage [29].

Solar cells generate current in a large range independent from the load; thus, these
cells are modeled as current sources [30]. They are designed with built-in -asymmetries
to capture the photo-excited and released electrons and send them through an external
circuit to build electric currents. The current generated from the cell is directly dependent
on the illumination area and the probability that one photon can release one electron in
the device. Under conditions where the illumination is zero, the solar cells behave like a
diode. Therefore, their current in dark condition is a function of the cell’s voltage. In
illumination, however, based on the light intensity, the cell generates a current that affects
the diode characteristics at the terminal. In open circuit, the voltage is created based on
the recombination of carriers in solar cell. The open circuit voltage is defined as the
voltage at which the short circuit current and the forward bias diffusion currents become
equal with opposite polarities. Open circuit voltage has also been defined as the

separation of Fermi energies at the equilibrium of electron-hole generation [30].

3.2 Modeling of PV cell

Generally, a photovoltaic cell models consists of a current source with a diode

connected in anti-parallel. The output in parallel with them through a series resistor. In its
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basic form, the current generated from the photocurrent source is directly conducted to

the terminals. The diode connected across is used to model the I-V curve normally

generated from the cells. The series resistance at the terminal of the cell is used to model

the voltage drop. The parallel resistance is used to model the current leakage in the device

proportional to the terminal voltage [30]. The Figure 3.1 shows the equivalent circuit of

the solar cell with parallel and series resistors.

Lfg

Figure 3.1 Equivalent circuit of solar cell

The I-V characteristics of solar cell with series and parallel resistors can be represented

by
I=1,— L {exp| = (v +IR)| - 1} -

Where,

V+IRg
Rsh

[ — PV array output current

V — PV array output voltage

I, — Reverse saturation current of diode
T — Cell temperature (K)

e — Charge of an electron

k — Boltzmann’s constant

m — Ideality factor

The photocurrent of the solar PV cell is defined by Equation (3.2)

G

3.1)

(3.2)
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Where,

I; — Photo current of PV cell

Is¢ — Short circuit current of cell

k; — Short circuit current temperature co-efficient

G — Solar radiation

The relation between the saturation current of the diode and temperature is given by

Equation (3.3)

1,(T) =1, (Tnsz exp [(T;m - 1) 5—; (3.3)

Where,

I, — Reverse saturation current of diode
T.om — Nominal temperature (K)

E, — Band gap energy of the semiconductor

V; — Thermal Voltage

The solar cell is modeled in Simulink. The P-V and I-V graphs are plotted for
standard conditions i.e. radiance G = 1000 W /m3 and temperature T = 25°C as shown

in Figures 3.2 and 3.3.



P-V Characteristics of Solar Panel (under standard conditions)

200 - A

150

W)

100

Power (

50

0 ! ! ! ! ! ! ! !
0 5 10 15 20 25 30 35 40 45

Voltage (V)
Figure 3.2 P-V characteristics of solar panel under standard conditions

I-V Characteristics of Solar Panel (under standard conditions)
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Figure 3.3 I-V characteristics of solar panel under standard conditions
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From Equation 3.2, it can be seen that the photocurrent of the PV cell is dependent on
the temperature and radiation. The P-V and I-V plots are studied for varying radiation

and temperatures.

From Equation 3.3, the reverse saturation current of the diode varies as the cube of
the temperature. Figures 3.4 and 3.5 show the P-V and I-V plots for variation in
temperature while the radiation is constant. The temperature is varied from 0°C to

70°C while the radiation is assumed to be 1000 W /m3.

P-V Characteristics of Solar Panel (under varying temperature conditions)
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Figure 3.4 P-V characteristics of solar panel under varying temperature conditions
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I-V Characteristics of Solar Panel (under varying temperature conditions)
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Figure 3.5 I-V characteristics of solar panel under varying temperature conditions

In general, when the temperature of the cell increases, for a given radiation, the open
circuit voltage, V. drops slightly while the short circuit current, I, increases. This is

validated by figures 3.4 and 3.5.

From Equation 3.2, the photocurrent is dependent directly on the solar radiation.
Figures 3.6 and 3.7 show the P-V and I-V plots for variation in radiation while the
temperature is constant. The radiation is varied from 600 W /m?3 to 1000 W /m3 while

the temperature is assumed to be 25°C.



P-V Characteristics of Solar Panel (under varying radiance conditions)

G2=800W/m2
G3=1000W/m2
150 - b
g
o 100 _— B
o
/////
50 /// _
////
///
74
O / L L L L L L
0 5 10 15 20 25 30 45

Voltage (V)

Figure 3.6 P-V characteristics of solar panel under varying radiance conditions
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Figure 3.7 I-V characteristics of solar panel under varying radiance conditions
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It can be seen that when the radiation increases, the open circuit voltage, V,. and the
short circuit current, [y, increases. The change in P-V and I-V curves is more prominent

for change in radiation.

3.3 Methods of MPPT

The PV generation systems have two major problems: the conversion efficiency of
electric power generation is very low (9-17%), especially under low radiation conditions
and the amount of electric power generated by solar arrays changes continuously with

weather conditions [31].

Moreover, the solar cell I-V characteristic 1s nonlinear and varies with radiation and
temperature. In general, there is a unique point on the I-V or P-V curve, called the
Maximum Power Point (MPP), at which the entire PV system (array, converter, etc...)
operates with maximum efficiency and produces its maximum output power. The
location of the MPP is not known, but can be located, either through calculation models
or by search algorithms. Therefore Maximum Power Point Tracking (MPPT) techniques

are needed to maintain the PV array’s operating point at its MPP [31].

A typical solar panel converts only 30 to 40 percent of the incident solar irradiation
into electrical energy. Maximum power point tracking technique is used to improve the
efficiency of the solar panel [32]. According to Maximum Power Transfer theorem, the
power output of a circuit is maximum when the thevenin impedance of the circuit (source
impedance) matches with the load impedance. Hence, the problem of tracking the

maximum power point reduces to an impedance matching problem.

There are a number of methods used for MPPT. Depending on the time taken to track
the MPP and the complexity of the algorithm, any one of the algorithms can be selected.

Some of the techniques used to track the maximum power point are:

1. Fractional Open circuit voltage: This method is based on the fact that the voltage

at MPP, Vypp and the open circuit voltage, Vo of the PV array are almost
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linearly dependent on each other, under varying conditions of radiance and

temperature. The relation between the two voltages is given by Equation (2.4).
Vupp = k1Voc (2.4)

Where ki is a constant of proportionality. Since k is dependent on the
characterstics of the PV array being used, it is usually computed by empirically
determining Vypp and Vg for the specific PV array at different radiance and
temperature levels. The factor k is found to be between 0.371 and 0.78 [32]. If the
value of k; is determined, the Vypp can be calculated from periodical
measurement of V.. This can be done by switching the power converter off

momentarily. However this leads to temporary loss of power.

. Fractional Short circuit current: This method is based on the fact that under

varying atmospheric conditions, Iypp is approximately linear to the short circuit

current, [g; of the PV array.

Iypp = kalsc (2.5)

Where k; is a constant of proportionality. Similar to the fractional open circuit
voltage method, the constant k, can be determined from the PV array that is being
used. The value of constant k;, is found to lie between 0.78 and 0.92 [32]. The
measurement of /. needs an additional switch in the circuit which would short

the PV array periodically. A current sensor is used to measure the current.

. Incremental Conductance: This method uses both the output voltage and current
of the PV array. From the P-V plot of a PV array, it can be observed that at the
MPP, the slope of the curve is zero.

dp _d
(W)Mpp =S (VD) (2.6)

0=1+v-Y

2.7)

dVupp

a1 (2.8)

dVmpp |4
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The right hand side of Equation 2.8 is the instantaneous conductance while the

left hand side is the incremental conductance. When the optimum operating point
di

in the P-V plane is to the right of the MPP, we have 7 + é < 0 , where as

Vmpp

when optimum operating point is to the left of the MPP, we have dle

+iso0.
%4

MPP

Therefore, the sign of the term +é indicates the correct direction of

MPP

perturbation leading to the MPP [31]. Once the MPP is reached, the perturbations
are stopped till any change in [ is observed to maintain the operation of the PV

array at that point.

Perturb and Observe (P&O): It is one of the simplest methods. In this method, the
power of the PV array is measured and compared with the values at the previous
instant. Depending on the sign of change in power, either the voltage or current of
the PV array is increased or decreased. If the change in power is positive, the
voltage/current is increased while if the change in power is negative, the

voltage/current is reduced. Eventually, the algorithm reaches the MPP.

Fuzzy logic: Microcontrollers have made using fuzzy logic control popular for
MPPT over last decade. Fuzzy logic controllers have the advantages of working
with imprecise inputs, not needing an accurate mathematical model, and handling

nonlinearity [32].

. Neural networks: This is another technique that has been developed to implement
MPPT using microcontrollers. Neural networks commonly have three layers:
input, hidden, and output layers. The number of nodes in each layer varies and is
user-dependent. In this technique, the PV array parameters like V., Isc ,
atmospheric data like the amount of radiance, temperature or a combination of
these parameters can be the input variables. The output signal could be one or
more signals like the duty cycle which is used to drive the power converter so that

the PV array operates at or close to the MPP [32].
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3.4 Perturb & Observe (P&O)

The P&O method or hill climbing method operates by periodically perturbing i.e.
incrementing or decrementing the array terminal voltage or current and comparing the PV

output power with that of the previous perturbation cycle [31]. If a change in the
operating voltage leads to increase in the power (i.e. 3_5 > 0), then the control algorithm

moves the operating point of the PV array in the same direction, or else the operating

point is moved in the opposite direction.

Figure 3.8 shows the plot of the output power of the array versus the array voltage at
a given radiation. Consider two operating points A and B. As seen in the figure below, A
is on the left side of MPP. The MPP can be reached by positive perturbation of voltage i.e.
increasing the array voltage. While B is on the right side of MPP, any increase in the
array voltage will reduce the power. Thus, the MPP can be reached by negative

perturbation i.e. decreasing the array voltage.
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Figure 3.8 P-V characteristic of solar cell
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The flowchart of the P&O algorithm is shown in Figure 3.9
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¥

Update History
V(k-1)=V(k)
P(k-1)=P(k)

Figure 3.9 Flowchart for Perturb & Observe algorithm

This algorithm has some advantages. In this method, only one sensor is used i.e. the
voltage sensor to sense the PV array voltage and so the cost of implementation is less.
The complexity of this algorithm is less but when MP is reached, it doesn’t stop at the
MPP and swings around that point creating perturbations in both the directions [32]. In
this case, the step-size of array voltage plays a crucial role. If the step size is large, then
the MPP might not be reached, while if the step size is too small, it would take longer
time to track the MPP. When the algorithm has reached close to the MPP, an appropriate
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error limit or a wait function can be used [32]. Thus, a trade off needs to be made
between the time taken to reach MPP and the accuracy with which the MPP needs to be
identified. Also, under conditions for varying radiation, the MPP also moves to the right
side of the curve. The algorithm would consider this as a change due to the perturbation
and would reverse the direction of perturbation in the next iteration. Thus, moving away

from the MPP of the array.
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CHAPTER 4. SINGLE SWITCH INVERTER

4.1 Design and Operation

The single switch inverter is derived by modifying the SEPIC converter to function as
an inverter. Typically, the SEPIC converter consists of an active power switch, a diode,
two inductors and two capacitors. Thus, it is a fourth order system. In the modified
SEPIC converter, the diode is replaced by a set of polarity reversing switch component.
This component consists of two reverse connected transistors to be synchronized to the
polarity of the desired waveform. This circuit is capable of producing a pure sinusoidal

waveform, when a DC input is given to the circuit.

A schematic diagram of the new inverter has been shown in Figure 4.1. It consists of
a switch Q which is operated at high frequency and switches T, and T, which are
operated to generate positive and negative peaks of output voltage. When the switch Q is
on, the inductor L; is charged from the input source and inductor L, takes energy from the
capacitor C;. The output capacitor C, provides the load current. When the switch Q is on,
both inductors are disconnected from the load. When the switch Q is turned off, the
inductor L, charges the capacitor C; and also provides current to the load. The inductor

L, is also connected to the load during this time.

S~
|
1
)

Figure 4.1 Schematic Diagram of SEPIC based Inverter
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Modes of operation are generated when the status of switches change. When the
switch Q is on, the input voltage is applied across L; and causes a linear increase of
current to charge the inductor. The charged capacitor C, discharges through the inductor
L. In this mode of operation, the transistor T; does not conduct. Even though the gate
receives the turn-on command, the transistor collector is not forward biased to conduct
current. When the switch Q is off, the input voltage charges the capacitor C,; while
maintaining the current through the inductor L;. The sum of currents through the
inductors L; and L, form the output current that flows through the load to produce

positive voltage in the output.

In negative peak voltage, the same procedure occurs, but to reverse the load current
direction, synchronizing switch T, is turned on. This will introduce a transition mode to
the system operation. When the switch Q is on, the input voltage is applied across L; and
causes a linear increase of current to charge the inductor. The charged capacitor C,
discharges through the inductor L,. In this mode of operation, the transistor T, does not
conduct. Even though the gate receives the turn-on command, the transistor collector is
not forward biased to conduct current. When the switch Q is off, the input voltage
charges the capacitor C; while maintaining the current through the inductor L;. The
difference of currents through the inductors L; and L, form the output current that flows

through the load to produce negative voltage in the output.

In Continuous Conduction Mode (CCM), the input and output voltages of the

converter are related as follows:

Vout D
. = i - - 9
Vin 1-D

4.1)

where 0 < D <I is the converter’s ideal duty cycle. The positive and negative signs are
used for the positive peak and negative peak voltages respectively. In each half cycle, for
values of D less than 0.5, the converter ideally operates in buck mode, and for values of

D larger than 0.5 the converter ideally operates in boost mode.
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4.2 Modeling of Inverter

4.2.1 State Space Averaging

State space averaging is a dynamic modeling technique used for mathematical
representation of converters. State space averaging technique is used for better
understanding of different modes of operation. In this technique, the state space
representation of each mode of operation is obtained, and the overall system is
represented as an averaged system over a cycle. Since this inverter has a positive and a

negative mode of operation, the model will be provided in these conditions.

When the inverter operates in mode I and mode II, positive cycle of output voltage is
obtained. When it operates in mode III and mode IV, negative cycle of output voltage is
generated. Therefore, two sets of equations can be written for this circuit, which includes

the internal resistances of the inductors and capacitors as ry1, 112, rc; and re;.

The four modes of operation of the inverter circuit are shown in Figure 4.2.

T
1
711 Lq 1 G
B m A TS
N +
2 g Tc2 g
Vg — Q W T, R§ )

L, 3 Ly ot

A) Mode I: Positive Peak, Q and T, are synchronized, Q: Off, T;: On
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D) Mode IV: Negative Peak, Q and T, are synchronized, Q: On , T,: Off

+

Figure 4.2. Modes of operation and transition from positive to negative peak voltage.

Figure 4.2.A shows the rise in current through the inductor L; and charging of
capacitor C; by the input voltage source. The current through the inductors flow to the

output resistance R. Figure 4.2.B shows the rise in current through the inductor L; and
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discharge of capacitor C; through inductor L, and discharge of capacitor C, through the
load resistance and positive output voltage generation. Figure 4.2.C shows the transition
from positive peak to negative peak by switching the synchronizing transistor T, on. The
current direction will change and the negative peak will be generated by circuit D. This
mode of operation charges the inductor L, with reverse current and provides a path to

build up negative cycle of output voltage.

A. Positive Peak Voltage Generation

I. Model

In this mode, the switch Q is off and T} is on for duty cycle 1 — d*. Each set of state
space system consists of four equations representing the states i, iz, Vci, Ve and one

equation to represent the output voltage, V,. The equations describing mode I are as

follows:
[ R*Tcz) R+1co R
dlL1 _ (rL1+rC1+R+T'C2 _ R+71c) i _ v + R+7c) v + Vi
dt Ly L1 Ly L2 Ly C1 Ly Cc2 Ly
__ReTey rro1 RTC2 R
diLZ _ (R+Tcz) i L2 R+1co R+71co v
dt L, L1 L, L2 Ly Cc2
< del _ ii (4.2)
dt c,
R R 1
dvcz (R+TCZ) . (R+T’C2) . (R+TCZ)
= ;1 + ljo — 1%
dt C, L1 C, L2 C, Cc2
_ R*TCZ R*TCZ l R v
"0 R+71co L1 R+71¢ L2 R+1co c2
1L Mode II

In this mode, the switch Q is on and Ty is off for duty cycle d*. Each set of state
space system consists of four equations representing the states i, 12, Vci, Ve and one
equation to represent the output voltage, V,. The equations describing mode II are as

follows:



(A _ Vi Tia;
e L, L L1
dig, (rp2+7c1) . 1
—— =i, +—V
It L 11T Ve
dvcl 1 .
(=2 =——i
dt c, L2
dvcz 1
- VUe2
dt Cz(R+T'C2)
_ R
Uc2

\ o R+TCZ
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(4.3)

Considering x= [i., 112, Vc1, V2], the averaged state space model of positive peak voltage

can be obtained as:

X = AjpgX + Baygu
Vo = C;vgx

The positive peak averaged model parameters can be obtained as:

[—711 (R +7¢2) + (D — 1) (11 (R + 1) + Rrgy)

Li(R+7¢7)
(D — 1)Rre,
Ly(R+7¢2)
1-D
G
(1-D)R
CGR+71e)

A+

avg =

sy =[5 0 0 of

(1-D)Rr¢;  (1-D)Rrc,

R

Clvg =|
avg C2(R+rc2)  C2(R+7c2)

R+TC2

]

(D — 1)Rrg,
Li(R+71c)
(D —DRre; — (R +15,)(Drey +112)

Ly(R+17¢2)
D

G
(1-D)R
C(R+1¢2)

B. Negative Peak Voltage Generation

I1I. Mode III

(4.4)

(D—1DR

Li(R+71¢7)
(D —1R

Ly(R+7¢2)

0

1
Co(R +1g,)]

In this mode, the switch Q is off and T is on for duty cycle 1 — d™. Each set of state

space system consists of four equations representing the states i, 12, Vci, Ve and one

equation to represent the output voltage, V,. The equations describing mode III are as

follows:



( . R*Tcz) R+1cy
diLl — (rL1+rC1 j R+7co l + R+71c) i _ 1 v +
n I T e = Va
R*TCZ , R*T’CZ R
di, _ (R+Tcz) i TL2 lR+T‘CZ l R+71c) v
dt L, L1 Ly L2 L, Cc2
< del _ 1 i
at ¢ 11
_R _R
dv R+T . R+1 . 1
cz _ _ (Rt7co) i+ (R+1ca) iy — Vey
dt Cy C Cz(R‘l'Tcz)
_ R*rCZ i R*rCZ i v
"0 - R+TC2 L1 R+TC2 L2 R+TCZ c2
IV.  Mode IV
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(4.5)

In this mode, the switch Q is on and T, is off for duty cycle d”. Each set of state

space system consists of four equations representing the states i, iz, Vci, Ve and one

equation to represent the output voltage, V,. The equations describing mode IV are as

follows:

(diLl _ Vi L1 -

dt Ly L 'L1
dip, _ (rpe+red) . 1
L, 42T Ve1
dvey _ .
at o L2
dvey 1
at | C(R+rey) DC2
R
\I/O - R+7co UCZ

(4.6)

Considering x= [ir, 112, Vc1, Vez], the averaged state space model of negative peak

voltage can be obtained as:

{J'C = AgygX + Baygu
Vo = Cavgx

(4.7)
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The negative peak averaged model parameters can be obtained as:

Ang
_—rLl(R + rcz) + (D - 1)(761(R + rcz) + chz) (1 - D)chz D—-1 (1 - D)R )

Li(R +71¢2) Li(R+71¢) Ly Li(R+7¢2)
(1 -D)Rre, (D —DRre; = (R+71)(Drey +11.) D (D-1R

- Ly(R+1¢2) Ly(R +1¢3) L, Ly(R+71e)

1-D D 0 0
C1 Cl
(D-1R (1-D)R 0 1

C(R+1¢2) G (R +1¢2) C3(R + 1¢2)!

sy =[5 0 0 of

- = (D-1)Rrc;  (1-D)Rrey R ]
avg (R+7c2) (R+7c2) R+7¢2

The inverter can also be modeled as a complete system where the different modes are
averaged over one complete cycle. In this case, the load current is modelled as a current

source in the modeling of the inverter as shown in Figure 4.3.

T

. - c -
T 1 c1 1 TN
MYV \_|

| |

bﬁ
(|
'

e " 3 (D

Figure 4.3 Schematic diagram of SEPIC based inverter with load current modeled as

source
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The four different modes of operation that are identified are depicted by the following

figures.
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D) Mode IV: Negative Peak, Q and T, are synchronized, Q: On , T,: Off
Figure 4.4. Modes of operation and transition from positive to negative peak voltage.
L Mode I

In this mode, the switch Q is off and T} is on for duty cycle 1 — d*. Each set of state
space system consists of four equations representing the states i, iz, Vci, Ve and one

equation to represent the output voltage, V.

Rrca
dipy (rL1+T(:1+R+rCZ) . Rrea . 1 R 1 Rrea
- = 1 — le__Vm_—vcz‘i'_Vg o Az
dt Ly Li(R+7¢2) Ly Li(R+7¢2) Ly Li(R+7c2)
Rreo
diLz - _ RT'CZ . _ (TL2+R+TCZ> l _ R v RTCZ
dt Ly(R+rc) M1 Ly L2 LaRtrca) "% T LyR4rc) f 43
3 dver _ i1 ( . )
dt C1
dvesy R . R . 1 R
=it li2 — Vo2 = Ty
dt C2(R+7¢2) C2(R+7¢2) C2(R+7¢2) C2(R+7r¢z) ?
Rres . Rrea . R Rre2
= l L v -
0 R+1rca L1 R+1co L2 R+1cy c2 R+1rca z
II. Mode 11

In this mode, the switch Q is on and Ty is off for duty cycle d*. Each set of state
space system consists of four equations representing the states i, iz, Vci, Ve and one

equation to represent the output voltage, V.



47

( diLl _ TL1 - 1
=———i,+—=V
dt L, Kt e
dirp (rpz+rca) . 1
=2 o+
n L 2t -Vet
dvey iL2
< —_— = - 4.9
ac o (4.9)
dvcz _ 1 R
- = Ver — z
at C2(R+7¢2) C2(R+7¢2)
R RTc
Vo = Ve ————1,
\ R+TC2 R+TC2

IIL. Mode III

In this mode, the switch Q is off and T is on for duty cycle 1 — d™. Each set of state
space system consists of four equations representing the states i, 12, Vci, Ve and one

equation to represent the output voltage, V.

Rreco
dipy (TL1+TC1+R+TC2> . Rr¢a . 1 R 1 Rrea
W - L1 =TVt Vet Vg — 77—,
dt Ly Li(R+7cz2) Ly Li(R+7c2) Ly Li(R+7c2)
Cc2
dip, _ Rrca . (rL2+R+TCZ> l R ” RTco
at  Lp(R+rcy) M1 Ly L2 LaRerca) T2 T La(Rrca) 2
< s _ iy (4.10)
dt ¢
dv R . R . 1 R
—Z=— g+ g2 — Ve — z
dt C2(R+7¢2) C2(R+7¢2) C2(R+7¢2) C2(R+7¢2)
_ Rrcy . Rrcy . R Rrcy
Vo=- L1 li2 Ve2 — z
R+7rc2 R+rc2 R+7rco R+7rc2
IV. Mode IV

In this mode, the switch Q is on and T, is off for duty cycle d”. Each set of state
space system consists of four equations representing the states i, 12, Vci, Ve and one

equation to represent the output voltage, V.

( diLl _ L1 - 1
Tu_ Ty 42y
dt L, L1t g
dip _ (rpe+res) P
dt Ly L2 L, C1
dver _ L2
1 —= === 4.11
TS @.11)
deZ _ 1 R
= Ve2 — z
dt Cz(R+TC2) Cz(R+TC2)
R Rr
Vo = Ve2 — - IZ
\ R+TC2 R+r(;2
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The system is averaged over the full cycle. The averaged state space model of the inverter

can be obtained as:

{x = AgygX + Baygu
Vo = CapgX + Egqpgu

The state space matrices are averaged as:

avg = dpA; + (1 —dp)A; + dyds + (1 —dp)A,

A
Bavg = del + (1 - dp)Bz +d,B; + (1 — dn)B4
Cavg = dpCy + (1 — dp)Cy + dyC3 + (1 — d,)C,

Eavg = dpEl + (1 - dp)EZ + dnE3 + (1 - dn)E4
Where subscripts 1-4 represent the four modes of operation.

The averaged state space matrices are given as:

(4.12)

Aavg =
A RrCz(kn(l_dn)_kp(l_dp)) _ (kp(l_dp)+kn(1_dn)) R(kn(l_dn)_kp(l_dp)) 1
e Li(R+rc2) Lq Li(R+rcy)
Rrea (kn(1-dy)—kp(1-dp)) A kpdp—kndy _ R(kp(1-dp) +kn(1-dp))
Ly (R+rc2) 22 L, Ly (R+rc2)
(kp(1-dp)+kn(1—dp)) kndyn—kpdp 0 0
C,q C1
R(kp(1-dp)—kn(1—dp)) R(kp(1-dp)+kn(1-dp)) 0 —(kp+kp)
Ca(R+rc2) C2(R+rc2) C2(R+rcp)
[(kp+kn)  Rrca(kp(1-dp)—kn(1=dn))T
L1 Ll(R+rC2)
0 Rrea(kp(1-dp)+kn(1-dp))
Bavg = Li(R+rcz)
0 0
0 —R(kp+kn)
- C2(R+rc2) .
C _ [chz(kp(l—dp)—kn(l—dn)) Rrca (kp(1=dp) +hn(1—dn)) R(kp+kn)
avg R+rC2 R+rC2 R+rC2
_ 2RrC2(k +kn)]
Ean - [0 R+rC2
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4.2.2 Small Signal Modeling

Small signal analysis is a mathematical method for studying the dynamic response of
the system when perturbed by a small disturbance. It is a technique of analyzing the
behavior of a non-linear system with linear equations. The system is linearized around the
DC operating point. The assumption made here is that the perturbation in the signal is
small and is insufficient to cause any change in the operating point of the system. The
small signal model can be derived by assuming each signal to be sum of a constant DC
value and small AC perturbation. The DC quantities present in the model are considered
to be constant and cancel of on either side of the voltage equations for inductors and
current equations for capacitors, thus can be eliminated. In addition, the second order
non-linear terms are eliminated as they are assumed to be negligible when compared to

the first order AC terms.

The SEPIC inverter shown in Figure 4.1 is a fourth order nonlinear system. The
nonlinearity is originated from their inherent switching behavior, which makes the
stability analysis, designing and evaluating controllers difficult [33]. The most common,
systematic and successful approach to these tasks is linearization. Stability of the
linearized model or small signal model indicates the system is stable when operating
under nominal operating conditions for small perturbations [34]. System is linearized in a

region around the operating point where the system response is assumed to be linear [35].

The state-space averaging (SSA) technique is applied to find small-signal linear
dynamic model of the converter and its various transfer functions. As opposed to the
PWM-switch model and averaged switch model, the SSA is a matrix-based approach in
that all modeling steps in the SSA are performed systematically via matrices. Hence,
mathematical software such as MATLAB can readily be used to aid the modeling process

[36].

Consider a switching circuit containing one switch such that the circuit switches
between two different states in one switching period. There are two circuit states when

the switch is operated. One state is when the switch is closed for duration of dT where d
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is the duty cycle and T is the switching time period. The other state is when the switch is

open for duration of (1-d)T.

Consider the state space model of the circuit with index 1 when switch is closed as:

{x(t) = A,x(t) + Byu(t)

y = Cyx(t) + Eju(t) (4.13.2)

and with index 2 when the switch is open as:

{x(t) = A,x(t) + B,u(t)

y = Cox(t) + Eyu(t) (4.13.b)

The operation of the circuit averaged over one switching cycle can be obtained as:

{x(t) = Aavg (x()) + Bavg(”(t))

Y = Capg{x(0)) + Egpg(u(t)) (4.14)

where in:

Aavg = dA; + (1 — d)4,
Bayg = dBy + (1 — d)B,
Cavg = dCy + (1 = d)C,
Eavg = dE; + (1 — d)E,

The terms in the brackets ( ) are the average values. The Equation (4.14) is a nonlinear
continuous time equation and it can be linearized by small signal perturbation. Each
signal is replaced by a sum of two terms a fixed DC quantity and a small ac variation.
The assumption made is that the perturbation is very small compared to the DC values.

This perturbation yields the steady state and linear small signal state space equations as:

{X=AX+BU=O (4.15)
Y=CX+EU
and

{fc = A%(t) + BA(t) + Byd(t) (4.16)

y = Cx(t) + Ea(t) + Ezd(t)
where

A=DA, + (1-D)A,
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B=DB;+(1—-D)B,
C=DC,+(1—-D)C,
E =DE, + (1 -D)E,
By = (A; — A;)X + (B, — B)U
Eq = (C; — C)X + (Ey — E)U.

The steady state solution of the inverter can be found by solving Equation (4.15) as:

{X =—A"1BU

Y = (—=CA'B+ E)U (4.17)

The small signal transfer function of the inverter can be obtained by applying Laplace

transform to Equation (4.16). In matrix form, we have

{ A~

(4.18)

The SEPIC inverter operates in four different modes. The voltage equations around
loops and current equations at nodes, which govern every mode of operation, can be

written using kirchoff’s laws (KVL and KCL) respectively.

The system is considered to have two inputs namely: input voltage V, and duty cycle
d. The output of the system is the voltage across the load, V. To derive the small signal
model, each signal is assumed to be the sum of a fixed DC value and a small time varying

perturbation. The input voltage becomes Vy + V4(t) and the duty cycle becomes D +
d(t). The output voltage becomes V,, + ¥, (t) and the states become X + &(t) where Vg, D,

V, and X are the steady state operating point variables and the variables expressed with *

are the small signal perturbations.

When the system is modeled separately for positive and negative half cycles, the

small signal equations and models are presented below.
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A. Positive Half Cycle
The averaged state space representation of the system when operating to produce

positive half cycle of output is:

x = Afpgx + Bi,qu+Bjd 10
VO=Cngx+ E;d (4.19)
The positive peak averaged model parameters can be obtained as:
A;vg
[—711 (R +7¢3) + (D — 1)(re1 (R + 1¢2) + Rrey) (D —1)Rre, bD-1 (D-1R ]
Li(R +7¢z) Li(R +71¢z) Ly Li(R +71¢z)
(D —1)Rre, (D = DRre; = (R+71)(Drey +112) D (D-1)R
_ Ly(R +1¢2) Ly(R +71¢z) L, Ly(R +1¢2)
-0 L 0 0
C1 Cl
(1-D)R (1-D)R . 1
C2(R +1¢3) C2(R +1¢2) C2(R + 1¢2)!

B;vgz[i 0 0 o]T

o+ [A=DRre;  (-D)Rrey R ]
g | C;(R+7rcz)  C2(R+7cz) R+1c2

B:zr = [B;n B:zrz1 B;31 3341]T
E; = [E:zrn]

Upon application of Laplace transform, Equation (4.19) is transformed as shown in

Equation (4.20).

SLitp(s) = Dy(s) — 111 ()rpy — D'(2L1(5)7”c1 — Dy (s) — 170(5)) +d($)Uparer + Ver + Vo)

§CyDc1(s) = D'iy1(s) + Diyp(s) + d(s) (U2 — ILl)A

SLat1a(s) = D(Dc1(8) — 12()7ea) + D'Do(s) + d(s)(Ver — Later — Vo) — 112(8)712 (4.20)

§Ca0ca(s) = D' (111(8) +112(5)) — d() Uy + I12) — %155)
kﬁo(s) =

R Ia 1o 5 3
R::CZZ (D 11(s) + D'I15(s) —d(s)I; — d(s)ILZ) +

R
R+1cy

Dea(s)
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The small signal model for the system operating to produce positive cycle of output can

be obtained from Equation (4.20) and is shown in Figure 4.5.

1 L AW, + Iates + Ver)

Ty ®)

L, AV — oo — Vo)

cz ol

d(t)(fi.z —1I1)

d(f)(fu +112)

Figure 4.5 Schematic diagram of Small Signal Model of the SEPIC Inverter when

operating to produce positive half cycle of output

B. Negative Half Cycle

The averaged state space representation of the system when operating to produce

negative half cycle of output is:

X = Agpgx + Bgygu + Bgd
{Vo = Capgx + Egd

The negative peak averaged model parameters can be obtained as:

4.21)

D-1 (1-D)R 7

Ang
[—721(R +7¢2) + (D — 1)(rc1(R + 1¢2) + Rrey) (1 - D)Rre,
Li(R +1¢2) Li(R+71¢2)
(1 - D)Rre, (D = DRre; = (R +1¢)(Drey +112)
_ LR +1¢2) Ly(R+71¢2)
1-D D
c Cy
(D — 1R (1-D)R
C(R+71¢2) Co(R +1¢2)
1 T
Bipg = [Z 0 0 0
_ _ (D-1)Rrca (1-D)Rrc> R
Cavg T LGR+rr)  C(R+TeR) R+7‘cz]

Bz = [Ba11 Baz1 Bz Banl”

E; = [Ec?n]

Ly Li(R+1¢2)
D (D-1R
Ly Ly(R+71¢)

0 0

1

0 R —
Cz(R + rcz)_
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Upon application of Laplace transform, Equation (4.21) is transformed as shown in

Equation (4.22).

(SLliLl(S) = ﬁg(s) =11 ()1 — D'(im(s)rm — Dy () + ﬁo(s)) + a(s)(lurm +Ver — Vo)
sC,0¢1(s) = D'141(s) — Digy(s) — d(s) Uy + 12)
SLyiy2(s) = =D(Dcq(8) — 112(S)7c1) — D'Do(s) + a(s)(VO - 1L27:C1 = Vo) = 112(8)12
SCyDca(s) = D' (I12(s) — 114(s)) + d(s)(lm —1Ip) — VO(S)
L Do(s) = e ( D'iy1(s) + D'iy5(s) + d ()]s — d(S)le) Ry CZ(S)

R+7rco

(4.22)

The small signal model for the system operating to produce negative cycle of output can

be obtained from Equation (4.22) and is shown in Figure 4.6.

L, d(f)(Va'*'sz’m_Vo d(t) (Vo — Iaver — Veu)

T L

%0 O - J%

C;

cz ®

d(f)(l'u +112)

d(f)(l'u —112)

Figure 4.6 Schematic diagram of Small Signal Model of the SEPIC Inverter when

operating to produce negative half cycle of output

C. Steady State Equations

In Mode I, the switch Q is off and T is on for duty cycle 1-D. In Mode II, the switch

is on and T, is off for period of D. The averaged state space model of the system for

positive cycle of output voltage is given as:

1) Positive Half-Cycle: Given the averaged matrices in Equation (4.19), the steady state

equations of this inverter are obtained from Equation (4.15) as:

R
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— D -
cz _, D'R* D'
D (D'TL1+rC1'D(R+rC2) FD(Rerc,) D12
1
I D RT D'R? D’
L1 c2__,
I, Tt p e ) Y D(RAr,) T D L2
= rca | D'R2 [V]
VCl rL2+DrC1+R+TC +R+TC2 g
2 !
Veal | o (Brrron it iy B ) (4.23)
D D(R+rC2) D(R+rC2) D’
R

Doy RTCo ,_D 'R D’

| oLt T pRer ) TD(Rre,) T D L2
Rrc, , D'R?

_ R+T'C2 R+TC2 [ ]

Vo = D (D Rrc; , D 'R2. p'_ ) ‘4]

D LT eI p R ) D(Rere,) T D L2

2) Negative Half-Cycle: Given the averaged matrices in Equation (4.21), the steady

state equations of this inverter are obtained from Equation (4.15) as:

- D -
D Rre; | D'R2 D’ )
b (D'rL1+rC1 FD(R+rcz) D(R+rcy) D' L2
-1

I4 2, D'R? D’

¢
I D’TL1+TC1'D(R+rC2) D(R+7rcy) (D
L2
= Rrc, . D'R? [Vg]
5(:1 TLZ+DTCl+R+rC2 R+7¢p (4 24)
c2 D Rrco . D'RZ D' ) .
D(D’rLl"'rCl 'D(R+rcy) D(R+rcy) D L2
-R
rca D'RZ D'
3 D’TL1+TC1'D(R+rC2) D(R+rcy) (D L2
_Rrc; D'RZ

R+1cy RA7T(c) [
D'R2 D! )

D c2
b (D’TL1+TC1'D(R+TC2).D(R+TC2) DLz

%

ol

Vo=

When the inverter is modeled as one system in all four modes of operation, the
system is considered to have four inputs namely: input voltage V,, load current I,, duty
cycles d, and d, describing the duty related to positive and negative half cycles

respectively. The output of the system is the voltage across the load, V.

The averaged state space representation of the system when operating to produce a

complete cycle of output is:

{J'c = AgygX + Baygu + Bapd™ + Bgnd™ 4.25)

Vo = CapgX + Eqpgu + Eqpd™ + Egpd™



Where
T A Rrey(d*—d™) dt+d —2  R(d*—d) 1
1 Li(R+rcz) Ly L1(R+rcz)
Rrcz (d+—d™) A d*-d-  R@d*+d—-2)
A _ | La2(R+4re2) 22 Lo Ly (R+rc2)
avg — | 2-d*-d- —(d*+d-
( ) 0 0
R(d--d*)  R(2-d*-d") 0 —(d*+d™)
L C2(R+rc2) C2(R+rc2) C2(R+rc2) A
[ 2 Rrcz(dt-d )]
L1 Li(R+rcz)
Rrcz(2-d*-d)
B =10 VR
avg — L (R+rc2)
0 0
—-2R
0 -
| Cz(R+rC2) i
c = [chz(d‘—d+) Rrep(2—d+—d™) 2R ]
avg - R+rC2 R+rcz R+rcz

E _ ZRTCZ
avg [ R'H‘cz]

Bap = [Bap11  Bap21  Bapz1  Bapai]”
Ban = [Bdnll Banz1  Bans1 Bdn41]T
Eap = [Eap11]

Ean = [Eani1]
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Upon application of Laplace transform, Equation (4.25) is transformed as shown in

Equation (4.26).

sLyBa (8) = (e + k) (9 (8) = 112 ($)1a) — (pDy + I D3 ) (812 ($)7y + Dea () — (kp Dy — kD3P (5) + (e + b)) Upatcy + Ver) + (pdy + knd)V,

5Cy9¢1(5) = (kypDj + knD} )11 (s) = (kD — ke Dy )i (5) — (kepdy + knd )y — (kpdy, — kndn)L1o

sLyiy5(s) = (kyDp — knDy) D1 (s) = (ke + kn)iia ()15 — (kD + kD )12 ()1es — (kyDp + ke Dy)90(5) + (epdy + kendn )V, + (pdy — Ve
5Cy¢5(s) = (kpDp — knDp )11 (8) + (KyDy + knD} )12 () — (Kpdyy — k) in — (kpdyy + kndi) 1o — (kp + kn)(ﬁ"TfS) —1,(s))
90(5) = Uy + k) (Pea(5) i = 1) 172+ (ep Dy = JenD3)iaa (8) 17 + (ky Dy + kD7 i (5)

R+i R+

R+7¢y

e (kp‘zp - kn‘zn)lu m— (kp‘fp + kn‘zn)le

(4.26)
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The small signal model for the system operating to produce a complete cycle of output

can be obtained from Equation (4.26).

1 aDikaDN® (ko + knda)¥s (ydy = kndln)Ver (Kl + nd )ty

(kpdp + kndn)luz (kp +kndriz L2 (kpDp = kDL () (kpdy + kdn Miz

= = R = T =
(ko + Kendly Yiates + Ve) oy -
R
Cy ‘|’ c

Uy )i (o — o) o+l

Figure 4.7 Schematic diagram of Small Signal Model of the SEPIC Inverter when

operating to produce complete cycle of output

Given the averaged matrices in (4.25), the steady state equations of this inverter are

obtained from Equation (4.15) as:

I1q S11
ILZ 521
= v
Vea S31 (V] (4.27)
VCZ 541

Vo = [Sol[Vy]

4.3 Transfer Functions of Inverter

State space averaging techniques have been employed to derive the transfer functions

and small signal model of the inverter after mathematical analysis.

The AC output voltage ¥y(t) can be expressed as the superposition of the terms

arising from the two inputs.
Do(s) = G;O (s)d(s) + G,’,’; (), (s) (4.28)

The first term in (4.27) represents the control to output transfer function while the
second term represents the line to output transfer function. The transfer functions G;O (s)
and G;’; (s) can be defined as:

Do (s) and G:;;(S) _ Do(s)

(s) D4(s)=0 Ug(S) d(s)=0

GYo(s) =
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From (4.18), the various transfer functions can be determined as follows:

The control to output and line voltage to output transfer functions can be determined

using the equations shown in (4.29).

{GZ{“ (s) = C(s1 = A)Ba + Eq (4.29)

G,’,’;(s) =C(sl—A)™'B+E

The transfer functions for the control to inductor currents, control to capacitor voltages

can be derived from Equation (4.18) as follows:

(GciiLl(S) = [(sI = A)™'Bgli1
J G(;LZ (s) = [(sI = A)™'Bglx
| G4 () = [(sI — A) "Bl
\G3(s) = [(s] = A) " Baly

(4.30)

The transfer functions of line voltage to inductor currents and capacitor voltages are

determined from Equation (4.18) as:

(Gt (s) = [(sI — A)"'B]yy
G2 (s) = [(sI — A) "Bl
Gyt (s) = [(sI = A) B3,
Gy (s) = [(sI = A)7Bla

(4.31)

The control to output transfer function is studied to determine if the system has any
right half plane zeros. The presence of right half zeros implies system is non-minimum
phase. Control of such systems is complicated compared to minimal phase systems. The
values of the circuit components may be varied to check if the zeros can be moved from

the right half plane to the left half plane.

Various transfer functions of the inverter are derived in Equations (4.29) - (4.31). The

transfer functions of the control to inductor currents and capacitor voltages are given in
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Equation (4.30). The transfer function for the line voltage to inductor currents and
capacitor voltages are given in Equation (4.31). However, only the control to output

transfer function is analyzed.

4.4  Analysis of transfer functions of Inverter

1. Positive Half Cycle: The structure of the control to output transfer function is:

Np4$4+Np353+Np2$2+Np1$+Np0
DpaS*+Dp353+Dpp52+Dp15+Dpg

G°(s) = (4.32)

The system when operating to produce positive half cycle of output voltage has four
zeros of which one is in the right half plane making the system non-minimal phase. All
four poles of the system lie in the left half plane. It is important to study the movement of
poles and zeros of the system in its entire operating range to keep satisfactory
performance and stability [35]. The location of the poles and zeros are plotted and studied
when one parameter is varied at a time. The values of the inductors L;, L,; capacitors C;,
C, and duty cycle D are varied separately while keeping all other parameters constant.
The plots are analyzed to check the region in the operating range which would give

satisfactory response.

For the sizing parameters of the system, the system has three zeros in left half plane
(LHP) and one zero in right half plane (RHP). All poles of the system are in the LHP.
The inductance L; value is varied from 1 pH to 100 pH. From Figure 4.8, it can be seen
that one of the four zeros of the system does not move for any change in value of L;. As
we increase the value of L; more than 11 pH, the complex pair of zeros move from the
LHP to the RHP and moves along the imaginary axis towards the origin. The zero which
was already in the RHP moves towards the origin on the real axis but does not go into the
LHP. From Figure 4.9, it can be seen that as we increase the value of L;, one pair of
complex poles move slightly towards the RHP but remain in the LHP at all times while

the other pair of complex poles moves further into the LHP.
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Figure 4.8 Locations of zeros for variation in inductance L, - Positive half cycle
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Figure 4.9 Locations of poles for variation in inductance L, - Positive half cycle
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For the sizing parameters of the system, the system has three zeros in the LHP and
one zero in the RHP. The inductance value is varied from 1 pH to 100 pH. From Figure
4.10 it can be seen that one of the zeros in the LHP does not move for any change in
value of L,. As we increase the value of L,, the complex pair of zeros moves along the
imaginary axis towards the origin. The zero which was already in the RHP moves
towards the origin on the real axis but does not go into the LHP. From Figure 4.11, it can
be seen that all poles of the system are in the LHP. As we increase the value of L,,one
pair of complex poles move slightly towards the RHP but remain in the LHP at all times

while the other pair of complex poles moves further into the LHP.

x 10° Location of Zeros - Variation in Inductance L2

1 1 1 1
0.8f .
0.6 O |

L2 increases
0.4

0.2

0O a»

-0.4

L2 increases

-0.8+ ]

-20 -15 -10 -5 0 5

Figure 4.10 Locations of zeros for variation in inductance L, - Positive half cycle
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Figure 4.11 Locations of poles for variation in inductance L, - Positive half cycle

From Figures 4.12, the system has three zeros in the LHP and one zero in the RHP.
As the value of C; is increased, the complex pair of zeros moves along the imaginary axis
towards the origin. The other zero in the LHP and the zero in the RHP never move for
any change in the value of C,. From Figure 4.13, all poles of the system remain in the
LHP at all times. As the value of C; is increased, one complex pair of poles moves
further into the LHP while the other pair of poles moves towards the RHP. But the poles

never cross over into the RHP.
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Figure 4.12 Locations of zeros for variation in capacitance C, - Positive half cycle

x 10° Location of Poles - Variation in Capacitance C1
1.5 T T T T T
MR X X x *
1L < |
C1 increases x

C1 increases

1- E
\
b Y x
15 | | | | | I
-6000 -5000 -4000 -3000 -2000 -1000 0

Figure 4.13 Locations of poles for variation in capacitance C, - Positive half cycle
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The capacitance C, is varied from 15 puF to 1000 pF. From Figure 4.14, it can be seen
that the system has three zeros in the LHP and one zero in the RHP. The zero in the RHP
does not move for any change in value of C,. One of the zeros in the LHP moves along
the axis towards the origin but always remains in the LHP. The complex pair of zero does
not move for any change in value of C,. From Figure 4.15, as the value of C, is increased,

the two pairs of complex poles moves slowly towards the origin but remains in the LHP.

x 10 Location of Zeros - Variation in Capacitance C2
1 [l [l [l [l [l

0.6+ .

0.4r -

H
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0.4+ -
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-0.8+ .

Figure 4.14 Locations of zeros for variation in capacitance C, - Positive half cycle
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Figure 4.15 Locations of poles for variation in capacitance C, - Positive half cycle

Figures 4.16 and 4.17 show the movement of the zeros and poles of the system when
the duty cycle is varied, respectively. The duty cycle is varied from 0.1 to 0.9. For buck
operation, 3 zeros are in the LHP and one in the RHP. When the operation shifts to boost,
two zeros move from the LHP to the RHP. However, one zero remains in the LHP and
doesn’t move for any change in value of duty cycle. The zero which was earlier in the
RHP moves towards the origin but doesn’t go into the LHP. All the poles remain in the
LHP for both buck and boost operation.
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Figure 4.16 Locations of zeros for variation in duty cycle D - Positive half cycle
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Figure 4.17 Locations of poles for variation in duty cycle D - Positive half cycle
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2. Negative Half Cycle: The structure of control to output transfer function is:

Nn4S4+Nn353 +NTLZSZ+NTLlS+NTLO
Dp4S*+Dp353+Dp352+Dp1S+Dpg

Gy (s) =

(4.33)

When the system is operating to produce negative cycle of output voltage, it has four
poles all of which are in the LHP ensuring stable operations. The system has four zeros.
The root-locus has been plotted to study the movement of poles and zeros to determine a
region of stable operation and satisfactory response. One parameter is varied at a time to
check the movement of poles and zeros while other parameters are fixed. The values of
the inductors L;, L,; capacitors C; C, and duty cycle D are varied separately while

keeping all other parameters constant.

For the sizing parameters of the system, the system has three zeros in the LHP and
one zero in the RHP when the system is operating to produce negative half cycle. The
inductance value is varied from 1 pH to 100 pH. From Figure 4.18, it can be seen that one
complex pair of zeros moves along the imaginary axis towards the origin while the other
zero in the LHP moves further into the LHP. As the value of L; is increased above 11
uH, the complex pair of zeros moves into the RHP. The zero in the RHP moves towards
the LHP but never crosses over. From Figure 4.19, it can be seen that all poles of the
system are in the LHP. One pair of complex poles moves towards the RHP but never
moves into the RHP while the other pair of complex poles moves further into the LHP

only.
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Figure 4.18  Locations of zeros for variation in inductance L, - Negative half cycle
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Figure 4.19 Locations of poles for variation in inductance L; - Negative half cycle

68



69

The value of L, is varied from 1 pH to 100 uH. The system has four zeros of which
three are in the LHP and one in the RHP. The system has non-minimal phase behavior.
From Figure 4.20, as the value of L, is increased, the complex pair of poles in the LHP
moves along the imaginary axis towards the origin. The zero in the LHP moves towards
the RHP while the zero in the RHP moves towards the LHP but neither of them cross
over the imaginary axis. From Figure 4.21, it can be seen that all the poles are in the LHP.
One complex pair of poles moves towards RHP while the other complex pair moves

further into the LHP. The poles remain in the LHP for all values of L,.
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Figure 4.20 Locations of zeros for variation in inductance L, - Negative half cycle
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Figure 4.21 Locations of poles for variation in inductance L, - Negative half cycle

The capacitance C; is varied from 12 pF to 100 puF. From Figure 4.22, it can be seen
that the system has four zeros of which three are in the LHP while one is in the RHP. The
complex pair of zeros in the LHP moves along the imaginary axis towards the origin. The
other zeros do not move for any change in value of C;. From Figure 4.23, the system has
four poles, all of which are in the LHP. One complex pair of poles moves deeper into the

LHP while the other pair moves towards the RHP but never crosses over.
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Figure 4.22 Locations of zeros for variation in capacitance C, - Negative half cycle
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Figure 4.23 Locations of poles for variation in capacitance C; - Negative half cycle



72

The capacitance C, is varied from 15 pF to 1000 pF. The system has three zeros in
the LHP and one zero in the RHP. From Figure 4.24, it can be seen that as the value of C,
1s increased, the zero in the LHP moves towards the RHP while the zero in the RHP
moves towards the LHP. The complex pair of zeros moves from the LHP into the RHP as
the value of C; increases beyond 170 puF. From Figure 4.25, it can be seen that the system
has two complex pairs of poles which are in the LHP. The poles never move into the

RHP. Both the pairs of poles move towards the RHP for an increase in value of C,.
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Figure 4.24 Locations of zeros for variation in capacitance C, - Negative half cycle
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Figures 4.26 and 4.27 show the movement of the zeros and poles of the system when

the duty cycle is varied, respectively. The duty cycle is varied from 0.1 to 0.9 to study the

system in buck and boost operating modes. In the buck mode, the system has minimal

phase behavior i.e. all zeros in the LHP for a duty cycle up to 0.2 while two zeros move

into the RHP for duty between 0.2 and 0.5. All the poles remain in the LHP but move

towards the RHP. In the boost mode, the all zeros of the system are in the LHP for duty

cycle between 0.5 and 0.6. One of the zeros moves into the RHP for duty cycle greater

than 0.6. All poles remain in the LHP but one pair moves deeper into the LHP while the

other pair moves towards the RHP.
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Figure 4.26 Locations of zeros for variation in duty cycle D - Negative half cycle
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When the system is modeled as a complete system where the different modes are
averaged over one complete cycle, the control to output transfer functions for the positive
and negative half cycles have similar structure. These transfer functions are analyzed to

validate the root locus maps obtained in the previous modeling.

A. Positive Half-Cycle: The structure of the control to output transfer function is:

Np4$4+Np3S3+Np2$2+Np1$+Np0
DpaS*+Dp353+Dpr52+Dp15+Dpg

Gy (s) =

(4.34)

The system when operating to produce positive half cycle of output voltage has four
zeros of which three are in the left half plane and one in the right half plane. All four
poles of the system lie in the left half plane. There is a need to study the movement of
poles and zeros of the system to find regions of stable and satisfactory operation of the
inverter [35]. The location of the poles and zeros are plotted and studied when one
parameter is varied at a time. The values of the inductors L, L,; capacitors C; C, and

duty cycle D are varied separately while keeping all other parameters constant.

The value of L; is varied from 1 pH to 100 uH. From Figure 4.28, the system is
found to have four zeros of which three are in the LHP and one is in the RHP. One of the
LHP zeros does not move for any change in value of L;. The complex pair of zero moves
along the imaginary axis towards the origin and for a value of L, greater than 11 uH,
this pair of zeros moves into the RHP. The RHP zero moves towards the LHP along the
real axis but never crosses over. From Figure 4.29, all poles of the system are in the LHP.
One pair of complex poles moves further into the LHP while the other pair moves

towards the RHP but never crosses over.
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Figure 4.28 Validation of movement of zeros for variation in inductance L, - Positive half
cycle
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Figure 4.29 Validation of movement of poles for variation in inductance L, - Positive half
cycle
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The value of L, is varied from 1 uH to 100 uH. From Figure 4.30, the system has
four zeros of which three are in the LHP and one in the RHP. One LHP zero does not
move for any change in L,. The complex pair of LHP zeros moves along the imaginary
axis towards the origin. The zero in the RHP moves along the real axis towards the origin
but remains in the RHP. From Figure 4.31, the system has four poles all of which always
remain in the LHP. One pair of the poles move towards the RHP and the other pair of

poles move into the LHP towards the real axis.

x 10° Location of Zeros - Variation in Inductance L2
1 [ [ [ [
0.8r 4
0.6- O 4
L2 increases | ©
0.4r o :
ol o ]
0O ap»
<—
0.2 4
o
041 L2 increases | |
0.6 O 1
0.8 :
-1 | | | |
-20 -15 -10 5 0 5

Figure 4.30 Validation of movement of zeros for variation in inductance L, - Positive half

cycle
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Figure 4.31 Validation of movement of poles for variation in inductance L, - Positive half

cycle

The capacitance C; is varied from 12 pF to 100 puF. From Figure 4.32, it can be seen
that the system has four zeros, three of which remain in the LHP and one in the RHP. As
the value of C, is increased, the complex pair of zeros move along the imaginary axis
towards the origin. The other zeros do not move for any change in value of C;. From
Figure 4.33, the poles of the system remain in the LHP. One pair of the complex poles
moves further into the LHP while the other pair moves towards the RHP but never

CroSSEs over.
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Figure 4.33 Validation of movement of poles for variation in capacitance C; . Positive
half cycle
The value of C; is varied from 15 pF to 1000 puF. From Figure 4.34, the four zeros of

the system of which three remain in the LHP and one zero is in the RHP at all times. The
zero in the LHP move slowly towards the RHP along the real axis. The other three zeros
do not move for any change in value of C,. From Figure 4.35, the poles remain in the
LHP always. One complex pair of poles moves towards the RHP till a point and then
move along the imaginary axis towards the origin. The other pair of poles also moves

towards the RHP.
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Figure 4.34 Validation of movement of zeros for variation in capacitance C, . Positive

half cycle
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Figure 4.35 Validation of movement of poles for variation in capacitance C, . Positive

half cycle

Figures 4.36 and 4.37 show the movement of zeros and poles of the system
respectively. The duty cycle is varied from 0.1 to 0.9 to cover buck and boost modes of
operation. In the buck mode, the system has four zeros, three of which are in the LHP and
one in the RHP. The system has non-minimal phase behavior in buck mode. In the boost
mode, the complex pair of zeros in the LHP moves into the RHP. The system now has
three zeros in the RHP and one zero in the LHP. The zero in the RHP moves along the
real axis towards the origin but never moves into the LHP. The zero in the LHP does not
move for any change in the duty cycle. All the poles remain in the LHP ensuring stable
operation for all values of duty cycle. As the duty cycle is increased, the poles move

further into the LHP.
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B. Negative Half-Cycle: The structure of the control to output transfer function is:

NpaS*+Np353+Np25%+Np15+Npg (4.35)
Dn4S4+Dn3S3+Dn2$2+Dn1$+Dn0 ’

G°(s) =

The system when operating to produce negative half cycle of output voltage has four
zeros of which three are in the left half plane and one in the right half plane. All four
poles of the system lie in the left half plane. There is a need to study the movement of
poles and zeros of the system to find regions of stable and satisfactory operation of the
inverter [35]. The location of the poles and zeros are plotted and studied when one
parameter is varied at a time. The values of the inductors L, L,; capacitors C; C, and

duty cycle D are varied separately while keeping all other parameters constant.

The value of L; is varied from 1 pH to 100 uH. From Figure 4.38, the system has
four zeros of which three are in the LHP and one in the RHP. As the value of L; is
increased, the complex pair of zeros moves along the imaginary axis towards the origin.
As the value of L is increased above 11 pH, the complex pair of zeros moves into the
RHP. The other zero in the RHP moves towards the origin along the real axis but never
moves into the LHP. The zero in the LHP does not move for any change in value of L.
From Figure 4.39, the poles of the system are in the LHP. As the value of L; is increased,
one complex pair of poles moves towards the RHP while the other complex pair of poles

moves deeper into the LHP. All the poles of the system remain in the LHP at all times.
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The value of inductance L, is varied from 1 uH to 100 pH. From Figure 4.40, the
system has four zeros of which three are in the LHP and one in the RHP. The zero in the
RHP moves towards the origin along the real axis but never crosses over into the LHP.
The complex pair of zero moves along the imaginary axis towards the origin while the
other zero in the LHP does not move for any increase in L,. From Figure 4.41, all poles
are always in the LHP. All the poles move towards the RHP for any increase in value of

L, but never cross over.
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Figure 4.40 Validation of movement of zeros for variation in inductance L, - Negative

half cycle
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Figure 4.41 Validation of movement of poles for variation in inductance L, - Negative

half cycle

The value of C; is varied from 12 pF to 100 pF. From Figure 4.42, the system has
four zeros of which three are in the LHP and one in the RHP. As the value of C; is
increased, the complex pair of zeros move along the imaginary axis towards the origin
while the other zeros does not move. From Figure 4.43, all poles remain in the LHP
always. One pair of complex poles moves further into the LHP while the other pair of

poles move slightly towards the RHP. All poles remain in the LHP at all times.
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Figure 4.42 Validation of movement of zeros for variation in capacitaﬁce C, - Negative
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The value of C, is varied from 15 pF to 1000 pF. From Figure 4.44, the system has
four zeros of which three are in the LHP and one in the RHP. The complex pair of zeros
does not move for any change in value of C,. The other zero in the LHP moves towards
the RHP but never crosses into the RHP. From Figure 4.45, all the poles remain in the
LHP. All poles move in the LHP towards the RHP but never cross into the RHP.
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Figure 4.44 Validation of movement of zeros for variation in capacitance C, - Negative

half cycle
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Figure 4.45 Validation of movement of poles for variation in capacitance C, - Negative

half cycle

Figures 4.46 and 4.47 show the movement of zeros and poles of the system
respectively. Duty is varied from 0.1 to 0.9 to cover buck and boost modes of operation.
In buck mode i.e. for duty less than 0.5, the system has three zeros in the LHP and one
zero in the RHP. As the duty is increased, the zero in the RHP moves along the real axis
towards the LHP but never crosses over. When the duty is greater than 0.5, the complex
pair of zero moves from the LHP to the RHP. As we increase the duty further, the
complex pair of zero moves further into the RHP. The two complex pair of poles remains
in the LHP at all times. When the duty is increased, one pair of poles moves deeper into

the LHP while the other pair of poles moves towards the RHP.



90

x 10° Location of Zeros - Variation in duty cycle dn
15 T T T T T T
©)
1k dn increases 4
0.5F .
0p @pOo O O O A
<
dn increases
0.5 :
-1 dn increases b
O
_1 5 1 1 1 1 L 1 L L

2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

X 107
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4.5 Sizing Procedure

The sizing of the inductors and capacitors in the inverter is of great importance. For
the purpose of designing the sizing procedure, the operation of the inverter in buck mode
for positive and negative cycles is combined and the operation in boost mode for positive
and negative cycles is combined. This results in two sets of values for the inductors and

capacitors.

The design procedure is derived for a system to generate 110 V rms voltage and 10 A
rms current in the output. This design would work for an output power of 110 — 1.1 KW
for a power factor ranging from 0.1 to 1. The input voltage is assumed to be 34 V DC.

The variation in input voltage is assumed to be from 24 —44 V.

A. Buck Mode

In this mode, the output voltage is less than the input voltage i.e. the output voltage is
assumed to be 20 V rms. When the inverter is operating in buck mode, the switching

frequency of the transistor Q is assumed to be 10 KHz.
Equation (4.1) describes the relation between the output voltage and input voltage.
When the input voltage is 24 V i.e. Vg, = 24V, the duty cycle is calculated as:

Vo _ Dmax _ 20V2

ngin 1-Dinax 24

Solving the above equation, gives the value of Dmax as 0.54.

When the input voltage is 44 V i.e. Vg, = 44 V, the duty cycle is calculated as:

Solving the above equation, gives the value of Dmin as 0.39.
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The allowed ripple in the inductor current can be assumed to be 30% of the input current,

I,. The input current can be found using the following relation:
Iy =—1,. (4.36)

For Dmax = 0.54, the input current is calculated as:

Ipmax = —2_ 1, =222 10v2 = 16.60 4

1-Dmax ° = 1-0.54

For Dmin = 0.39, the input current is calculated as:

Igmax = =21, = 220 10vZ = 9.04 4

1-Dmin ©  1-0.39

When the switch Q is on, the inductor L; is charged by the input voltage source and
L, is charged by the capacitor C;. The inductors are charging in this mode. When the

switch Q is off, the inductors L; and L, release the energy stored to the load.

The charging of inductors can be represented as an equation to determine the size of
the inductors. Also, assuming that the inductors L; and L, are closely coupled, the ripple

current is divided between them and thus the required inductance value is halved.

1 DmaxVgmin
L,=L, >-—= 437
1=Ly 25— (4.37)
1 0.54%24
= > P ————
Li=1L, = 2 0.3%16.60%10000 130 uH

The series coupling capacitor is charged by the input current when the switch Q is off.
The equation describing the charging of the capacitor can be used to determine the

critical capacitance required. The ripple voltage is assumed to be 5% of the input voltage.

Igmax(l_Dmax)
Gz — (4.38)

16.06(1—-0.54)
~ 0.05%44%10000

. = 335.8 uF
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The output capacitor discharges to the load when the switch Q is on. This equation
describing the discharge of the capacitor to the load can be used to determine the value of
output capacitance required by the inverter. The ripple allowed is assumed to be 2 V.

IODmax
Gz = (4.39)

10v/2+0.54

C, >
2%x10000

= 381.83 uF

B. Boost Mode
In this mode, the output voltage is greater than the input voltage i.e. the output
voltage is assumed to be 110 V rms. When the inverter is operating in boost mode, the

switching frequency of the transistor Q is assumed to be 250 KHz.

From Equation (4.1), when the input voltage is 24 V i.e. Vypin = 24V, the duty cycle is

calculated as:

Vo _ Dmax _ 110V2
ngin 1-Dinax 24

Solving the above equation, gives the value of Dmax as 0.86.
When the input voltage is 44 V i.e. Vg, = 44 V, the duty cycle is calculated as:

Vo _ Dpin _ 110V2
ngax 1-Dnmin 44

Solving the above equation, gives the value of Dmin as 0.78.

The allowed ripple in the inductor current can be assumed to be 30% of the input current,

I;. The input current can be calculated from Equation (4.36).

For Dmax = 0.86, the input current is calculated as:

I _ Dmax __ 086
gmax = 1_pmax ° 1-0.86

10v2 =91.63 A



94

For Dmin = 0.78, the input current is calculated as:

Iymax = —_1, =272 102 = 49.98 4

1-Dmin 2~ 1-0.78

When the switch Q is on, the inductor L; is charged by the input voltage source and
L, is charged by the capacitor C;. The inductors are charging in this mode. When the

switch Q is off, the inductors L; and L, release the energy stored to the load.

The charging of inductors can be represented as an equation to determine the size of
the inductors. Also, assuming that the inductors L; and L, are closely coupled, the ripple
current is divided between them and thus the required inductance value is halved. Similar
to Equation (4.37),

1 DmaxV gmin
Ly =L, >-——o7"=
1 2 2 AlLfsw

1 0.86%24
L1 = Lz > =

— 0% _ {5uH
2 0.3¥91.63%250000

The series coupling capacitor is charged by the input current when the switch Q is off.
The equation describing the charging of the capacitor can be used to determine the
critical capacitance required. The ripple voltage is assumed to be 5% of the input voltage.

Similar to Equation (4.38),

C Igmax(l_Dmax)
! AV fow

91.63(1-0.86
¢, > 21630080

> 090 _ 9227 uF
0.05%44%250000

The output capacitor discharges to the load when the switch Q is on. This equation
describing the discharge of the capacitor to the load can be used to determine the value of
output capacitance required by the inverter. The ripple allowed is assumed to be 2 V.
Similar to Equation (4.39),

IoDmax
C, =2——

AV fow

10v/2+0.86

2 = 5250000 17.35 pF
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The values of L and C obtained in this procedure are the critical values which should
be used to maintain continuous conduction operation of the inverter. The value of L and
C can be selected from either mode. If the values are selected from the buck mode, then
the operating frequency for the boost mode is re-scaled using the equation of L; as the
current through the inductor is more sensitive to changes in frequency than the voltage
across the capacitors. Similarly, if the values are chosen from the boost mode, the

operating frequency for the buck mode is re-scaled using the value of L;.

4.6 Control of Single Switch Inverter

The new single switch inverter is introduced to generate a pure sinusoidal output
voltage [37]. The system behaves like a non-minimum phase system in all operating
ranges. When addressed from a control perspective, the right half plane zeros or the non-
minimum phase zeros in the transfer function complicate the control design scheme [38],

[39]. The response of such a system is characterized by undershoots and overshoots [40].

These systems can be controlled if they could be converted to minimum phase
systems. Parallel feed-forward compensators can be used to convert any plant into a
minimum phase system. Parallel compensators have been successfully implemented in
[40]-[45] and are proven to be a more efficient way of controlling non-minimum phase
systems compared to pole-zero cancellation techniques [46], [47]. For non-minimum
phase systems, pole-zero cancellation can lead to having unstable structure of feedback
controller. However, this method uses a compensator T(s) which is not a part of the plant

but is derived to make the plant a minimum phase system.

The Dual Feed forward Predictive Control structure can be used to solve the tracking
problem of a non-minimum phase system. In general the DFPC may provide perfect
tracking for Biproper and strictly proper systems, Minimum and non-minimum phase

systems [48].

In this case, the feed-forward controller is used to provide either the feed-forward
prediction. The feed-forward controllers are based on the plant model [48]. The feedback

controller is responsible for tracking reference signals. For perfect tracking, the reference
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signal is divided into two signals namely a reference signal that can be inverted by the
ballistic response and a prediction of the path that the plant output will follow based on
the ballistic response. The feedback controller is designed to result in perfect tracking
performance. A simple PI controller can be used for regulations. However, for reference
tracking a gain adaptation is utilized to constantly tune the gains of the controller [49]-

[52].

This method of feed-forward control is used to force the non-minimum phase system
to behave like a minimum phase system. In this method, the plant is split into two parts to
generate two signals. One signal is to make the plant track rg(t) with a feed-forward
control signal ug(t) that drives the plant to track the reference signal. The signals
produced by the feed-forward transfer functions are assumed to contain bounded energy
and have no influence on the closed loop stability [48]. For perfect tracking, the error
should reach zero which can be accomplished using various types of controller including
a simple gain [40]. However, in the new inverter circuit, an adaptive PI controller is
required to adjust the gains continuously. The block diagram, for the structure of a dual

feed-forward predictive control (DFPC) is shown in Figure 4.48.

(£)
r_)(t) Pges(s) J’ G (s) i

Gno i (S )

7y ()
_I_

_|_
. e(t) + u(t)

Figure 4.48 Block diagram of Dual Feed-forward Predictive Control
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The stable and causal blocks G,,;(s) and G; *(s) are the non—invertible and invertible
parts of the plant. The non-invertible part refers to the non-minimum phase and unstable
part of the plant where as the invertible part refers to the minimum phase and stable part
of the plant. Py.¢(s) is the design parameter that determines the reference signal and the

feed-forward control signal. The conditions to be satisfied by the design parameter are:

1. The steady state gain from r(t) to 75¢(t) must be unity gain i.e. Pges(0)Gpyp;(0) = 1.
2. The feed-forward transfer functions: FF1 = Py.s(8)Gpoi(8)& FF2 = Py,s(s)G; 1 (s)

must be proper (i.e. number of zeros are less than or equal to number of poles).

The first condition is required so that the steady state reference equals the actual
reference: 174(t) = r(t). The second condition is required to make the feed-forward
controller realizable from the hardware point of view. The conclusion drawn from the
second condition is that P, (s)is stable and the relative degree of P4.4(s) is greater than

or equal to the relative degree of G;(s).

Also, the controller K(s) should be designed to guarantee internal stability. The
nominal tracking requirements are satisfied by the feed-forward paths and the feedback

controller focuses on correcting model inaccuracies and disturbance rejection.

In particular, Pyes(S)Gpoi(s) determines the class of signal that has to be perfectly
tracked and Pyes(s)G;*(s) determines the associated feed-forward control signal to

achieve perfect tracking. Consider the plant to have a transfer function as follows:

_ KDCNmp (S)Nnmp (S)
“®) =5, )uts)

where Kp¢ is the DC gain of the system, N, (s) is the minimum phase polynomial of

the numerator whileNp,,(s) is the non-minimum phase polynomial of the numerator of

the transfer function. Dg(s) is the stable denominator polynomial and D,(s) is the

unstable denominator polynomial.
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The transfer function is decomposed into two parts: G;(s) and G,,;(s). G;(s)contains
the minimum phase numerator polynomial and the denominator polynomial and G,;(s)
contains the non-minimum phase numerator polynomial.

KpcNmp ()
Gi(s) = Wn,f(s) and  Gpoi(5) = Npmp(5)

It is to be noted that the transfer functions G;(s) and G,,;(s) are not proper and
cannot be realized as individual systems. This leads to the selection of the design
parameter P;,,(s) such that the feed-forward transfer functions FF1 and FF2 are proper

and realizable.

The control effort is a sum of the feed-forward control signal obtained at the output of

the block G;~*(s) and the feedback control signal obtained at the output of K (s).

The feedback controller needs to be designed to provide zero tracking error. In some
cases, a simple gain or simple PI controller can be very effective [40]. However, PI
controllers give best results when the goal of control is regulation. Also, using a simple
PI controller needs tuning of the gains offline. In our case, the signal to be tracked is
continuously varying (sine wave) and thus an adaptive PI controller structure was
considered suitable. Also, the gains of adaptive controller are tuned automatically online
[42]. Any change in the control objectives or change in the plant parameters can be

compensated by using online tuning of the gains of the controller [53].

The self-tuning PI controller is viewed as a non-linear controller as the gains K, and
K; are varying continuously. It is not necessary for the gains to converge to a constant

value as the gains may keep varying as the reference signal needed to track varies.

The equations for the proportional gain K, and integral gain K; are obtained from

[53] as:

{Kp - TYeh (4.40)

Kl = —Y€Yy2
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where y > 0 is the adaption gain, e is the error between the plant output and the reference
input, y; is the output of the proportional block and y, is the output of the integral block

of the controller.
A. Buck Operation

When the inverter operates in buck mode to produce positive cycle of output voltage,
the control to output transfer function has non-minimum phase behavior. The system has

four zeros of which three are in LHP and one zero in RHP.

For buck operation with duty cycle as 30%, and the following parameters:L; = 1uH,
L, = 25uH, C; = 1uF, C, = 75mF and R = 5, the control to output transfer function is

determined as follows:

(—s + 84.98)(s3 + 0.0853s2 + 3.8475s + 0.2050)

GI(s) =
a(5) =~ 37370.039857 + 49.361052 + 0.1283s + 0.0026

The transfer function is decomposed as follows:

5340.08535%+3.84755+0.2050
$%+0.039853+49.361052+0.12835+0.0026

Gmp (s) =

Gnmp (s) = (—s + 84.98)

The minimum phase part is the stably and causally invertible G; and the non-minimum
phase part is considered to be causally non-invertible G,,,;.

s* 4+ 0.0398s3 + 49.3610s2 + 0.1283s + 0.0026
s34+ 0.0853s2% + 3.8475s + 0.2050

G '(s) =

Gnoi(s) = (—s + 84.98)
Following the design requirements for the choice of P,.¢(s) the relative degree of
P;.5(s) is chosen to be equal to 1 and has the structure as P;,.(s) = %, where «a is

varied to determine a suitable response in terms of the settling time and undershoot

associated with the non-minimum phase zero.

In addition, where G,,,;(0) = 84.98 yields P,.,(0) = k = 84.9871
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84.9871
as+1

Thus, P;.s(s) =

The presence of right half plane (RHP) zero means that the step response will have an
undershoot that is related to the value of . The value of a is determined such that the
undershoot is reduced and the response is fast. It is a trade-off between the undershoot
and the response time. For smaller values of «, the response is fast but the undershoot is
larger and for larger values of a, the undershoot is less but the response is slower [47].
The step response of this system is shown in Figure 4.49 for various values of a. The

response for @ = 5 is chosen to give the best result.

Step Response - Positive Half Cycle - duty cycle:30%
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Figure 4.49 Step Response of system for positive half cycle for duty cycle of 30%
When the inverter operates in buck mode to produce negative cycle of output voltage,

the control to output transfer function has minimum phase behavior. The system has three

zeros in the RHP and one zero in the LHP which is associated to the value of C,.
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For operation with duty cycle as 30%, the control to output transfer function is

determined as follows:

(s +1.373)(—s3 + 79.73s% — 104.433s + 12.6479)

GI(s) =
a(8) = 4 0.039857 + 49.361057 + 0.12835 + 0.0026

The transfer function is decomposed as follows:

$+1.373
$%+0.039853+49.361052+0.12835+0.0026

Gmp(s) =
Gnmp(s) = (—=s +79.73s% — 104.433s + 12.6479)

The minimum phase part is the stably and causally invertible G; and the non-minimum

phase part is considered to be causally non-invertibleG,,,;.

s* 4 0.0398s3 + 49.3610s2 + 0.1283s + 0.0026
s+ 1.373

G (s) =
Gnmp(s) = (=5 +79.73s? — 104.433s + 12.6479).

The relative degree of Py 4(s) is required to be greater than or equal to the relative
degree of G;(s). Since the relative degree of G;(s) is three, the relative degree of P, 4(s)

1s assumed to be three.

k

Pges(s) =m

In addition, G,,,;(0) = 12.6479 and thus P,,5(0) = k = 12.64791, Therefore,

12.647971

Pges(s) = @ +1°

The value of a is determined from the step response of the system operating to

produce negative peak as shown in Figure 4.50. The value of « is selected such that the
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overshoot and settling time are not very large. From Figure 4.50, it is seen that the
undershoot is largest for @ = 1 and the settling time is highest for ¢« = 10. When a = 5,

the undershoot and settling time are best suited.

Step Response - Negative Half Cycle - duty cycle:30%
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Figure 4.50 Step Response of system for negative half cycle for duty cycle of 30%

The system when operating to produce a complete cycle for duty cycle of 30%
was simulated using the DFPC control and adaptive PI. Figure 4.51 shows the tracking of
the plant output. The plant output follows the reference signal exactly at every instant of

time. The output of the plant was made to track the reference signal exactly.
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Tracking of Single Switch Inverter - Buck
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Figure 4.51 Perfect tracking for inverter operation with duty of 30%
B. Boost Operation

When the inverter operates in boost mode to produce positive cycle of output voltage,
the control to output transfer function has non-minimum phase behavior.

For boost operation with duty cycle as 70% and the following parameters:L; = 1uH,
L, = 25uH, C; = 1uF, C, = 75mF and R =5, the control to output transfer function is

determined as follows:

(—s + 6.8207)(s® + 0.1969s2 + 3.7752s + 0.2008)
s* +0.0236s3 + 10.96s2 + 0.0701s + 0.0005

Gq(s) =
The transfer function is decomposed as follows:

5340.19695%2+3.7752540.2008
$%+0.0236534+10.9652+0.07015+0.0005

Gmp (s) =

G nmp(s) = (—s + 6.8207)
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The minimum phase part is the stable and causally invertible part G; and the non-

minimum phase part is considered to be causally non-invertible part G,,,;.

s* 4+ 0.0236s3 + 10.96s% + 0.0701s + 0.0005
s34+ 0.1969s2 + 3.7752s + 0.2008

G (s) =

Gnoi(s) = (—s + 6.8207)

The design parameter Py,¢(s) is found to have the structure as

Pyes(s) = s + 1
In addition, G,,,;(0) = 6.2520 and thus P,,;(0) = k = 6.82071

Therefore,

6.8207°1

Pges(s) = s + 1

The value of a is determined from the step response of the system. The trade-off

leads to selection of @ = 5. The step response of the system is shown in Figure 4.52.

Step Response - Positive Half Cycle - duty cycle:70%
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Figure 4.52 Step Response of system for positive half cycle for duty cycle of 70%
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From Figure 4.52, it can be seen that for value a=1, the undershoot is large while the
time taken for the response to settle is very small. For ¢ = 10, the undershoot is small but

the response time is very large. The best response can be obtained for @ = 5.

When the inverter operates in boost mode to produce negative cycle of output voltage,

the control to output transfer function has non-minimum phase behavior.

For operation with duty cycle as 70%, the control to output transfer function is

determined as follows:

(=s + 6.2520)(s® + 0.1433s2 + 1.6553s + 0.2191)

GI(s) =
a(8) = 310023657 + 109652 + 0.0701s + 0.0005

The transfer function is decomposed as follows:

5340.14335241.65535+0.2191
$%+0.023653+10.9652+0.07015+0.0005

Gmp(s) =
G nmp(s) = (—s + 6.2520)

The minimum phase part is the stably and causally invertible G; and the non-minimum

phase part is considered to be causally non-invertible G,,,;.

5%40.0236534+10.965%240.07015+0.0005
$340.143352+1.65535+0.2191 >

G '(s) =
Groi(s) = (—s + 6.2520).

The structure of P;,.4(s) is selected to be as follows:

Pges(s) = s + 1

Considering, G,,;(0) = 0.0009 and thus P,,;(0) = k = 6.252071

Therefore,

6.252071

Pges(s) = s + 1
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The value of a is determined from the step response of the system as shown in Figure
4.53. The value of @ which gives the best trade-off is selected. When a = 1, there is
some steady state error in the step response. Thus, it is not desirable to consider this value
of a. For a being 5 and 10, the undershoot is reduced, however the settling time for
a = 5 is more desirable than for @ = 10.

Step Response - Negative Half Cycle - duty cycle:70%
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Figure 4.53 Step Response of system for negative half cycle for duty cycle of 70%

The simulation result for perfect tracking of this system when operating to boost the

input voltage with duty cycle of 70% is shown in Figure 4.54.
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Tracking of Single Switch Inverter - Boost
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Figure 4.54 Perfect tracking for inverter operation with duty of 70%

A single structure of feedback controller was designed for the inverter operating to
produce positive and negative half cycles. An adaptive PI controller was selected and
designed using MATLAB/SIMULINK. The gains of the controller were taken from
Equation (4.40).
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CHAPTER 5. DISCUSSIONS

5.1 Simulation Results

The solar panel is designed with the following parameters: V,. 42V, I;. = 6.3 A,V,, =
34V, I, =5.5A. The P-V and I-V characteristics of the solar panel are shown in Figures
3.2 and 3.3.

The perturb and observe method for MPPT is used and Figure 5.1 shows the results

the maximum power tracking of the solar panel.

Operation of MPPT Algorithm - Power
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Figure 5.1 Constant power (maximum) generation by the MPPT algorithm
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In this case, the MPPT algorithm is used to generate a reference voltage level instead of
duty cycle. Figure 5.2 shows the constant voltage reference which is tracked by the

MPPT algorithm. The SEPIC inverter uses this voltage as input voltage.

Operation of MPPT Algorithm - Voltage
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Figure 5.2 Constant voltage generation by the MPPT algorithm

Figure 5.3 presents the simulation results to validate the operation of the new SEPIC
based inverter. The SimPowerSystems toolbox of MATLAB is used to simulate the
inverter. For the simulation of the SEPIC based inverter, the following parameters are
used: L; = 0.6 uH, L, =5 pH, ¢; = 1 uF, C; = 650 pF. The load is of inductive nature
with R = 3 ohm and L = 10 mH.

In mode I, the current through the inductor L; and voltage across capacitors C;and C,
rise with positive amplitude. In this mode, the current through the inductor L, becomes
negative. In mode II, the voltages and currents reach a point of stable operation. The

transition from positive peak to negative peak occurs in mode III. In mode IV, the current
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through the inductor L, becomes positive as the output voltage becomes negative. In this

mode, the current through the inductor L; and voltage across capacitor C, are positive.

The value of inductor L; is chosen so as to have continuous conduction i.e. the current
through the inductor L; never falls to zero. The current through the inductor L, is
negative for positive cycle of output voltage and is positive for negative cycle of output
voltage. The voltage across the capacitor C; remains positive. The voltage across the

capacitor C, is the output of the SEPIC inverter.

A switching between modes I and II generates stable operation of positive peak
voltage and modes of IIl and IV generate a negative peak voltage. Figure 5.3 shows the

sinusoidal voltage generated by the SEPIC based inverter.

Inductive Load Voltage and Current
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Figure 5.3 Load voltage and current of SEPIC based inverter
For the micro-inverter, the PV solar module is connected to the SEPIC based inverter.

The MPPT algorithm is applied to the PV solar panel model. The output of the solar

panel is connected to the input of the inverter. A capacitor is connected at the input
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terminals of the inverter to maintain steady voltage. While the MPPT algorithm ensures
that the output voltage corresponds to the MPP, the inverter converts the dc voltage of the
solar panel into ac voltage. The output of the micro-inverter is shown in Figure 5.4. The
maximum power from the PV panel is 187 W and the output power of the SEPIC based
inverter is 180 W.

Load Voltage and Current of Solar Micro inverter
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Figure 5.4 Load voltage and current of the Solar Micro-inverter

5.2 Experimental Results

Experiments were carried out on the SEPIC inverter. It is observed from simulations
that the inverter operation is sensitive to the choice of inductors. The effect of the
different values of inductors is studied. The inductance L; and L, are varied one at a time
and the effect of these changes are noted on the output voltage, output current and input

current drawn by the inverter.

Firstly, the inductance L, is varied while the other components have fixed values.

While inductance L; is varied from 2.5 uH to 1 mH, the other components used are:
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L, =3 mH, C; =3 uF and C, = 70pF. The dc source used is a 12V battery. The
switching frequency of the main transistor, Q; input voltage and current and output

voltage are tabulated in Table 5.1.

Table 5.1 Effect of Variation of L,

Inductance, L, Frequency Input Voltage | Input Current | RMS Output
(uH) (KHz) V) (A) Voltage (V)
2.5 50 12 4.32 30
11.2 45 12 3.62 37
100 40 12 1.95 39
285 30 12 1.4 40
1000 20 12 1.25 44

Selecting lower values of inductance L; needs increase in the switching frequency of
the transistor, Q. The transistor used in the setup, limits the working frequency of the
inverter. For lower values of L; like 2.5 uH, the working range of frequency is 60-70
KHz, which is not in the working range of the transistor, Q. This leads to higher current

being drawn by the inductor L; from the battery.

From Table 5.1, it can be seen that for lower values of L; the output voltage is
reduced while the input current is increased. The reason is the mismatch in the inductance
L, and the switching frequency. Also, lower switching frequency is better operating
condition as the switching losses are lower and the heat generated by the transistor, Q is
less which means less effort is required for cooling. Figure 5.5 and 5.6 show the output
voltage of the inverter without controller plotted against a reference sine wave signal. The
output voltage of the inverter can be made to follow the reference signal if active control
is implemented. Also, the positive and negative cycles are not symmetric because the
inverter output is limited in boost mode. From Figures 5.5 and 5.6, the ripple in the
negative peak increases for lower values of L. Also, as the value of L, is increased, the

negative peak is reduced.
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Experimental Result - Output Voltage of SEPIC based Inwerter - L1=2.5 uH
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Figure 5.5 Experimental Result of Output Voltage of SEPIC Inverter when L;=2.5 pH

Experimental Result - Output Voltage of SEPIC based Inverter - L1=1 mH
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Figure 5.6 Experimental Result of Output Voltage of SEPIC Inverter when L;=1 mH
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The inductance L, is varied while the other components have fixed values. While
inductance L, is varied from 100 pH to 7 mH, the other components used are: L; =
100 pH, C; = 3 pF and C, = 70puF. The switching frequency of the main transistor, Q;

input voltage and current and output voltage are tabulated in Table 5.2.

Table 5.2 Effect of Variation of L,

Inductance, L, Frequency Input Voltage | Input Current | RMS Output
(uH) (KHz) V) (A) Voltage (V)
100 40 12 1.79 30
285 40 12 1.44 35
1000 40 12 1.45 38
4000 40 12 1.62 32
7000 40 12 1.64 30

From simulations, it was observed that the inductance L, should be equal or greater
than the inductance L;. The range was chosen from 100 uH to 7 mH. In this case,
changing the switching frequency of the transistor, Q with the change in inductance L,
did not improve the output of the inverter. If frequency was reduced to 20 KHz when L,
is 4 mH, the negative peak was distorted, while if the frequency was increased to 50 KHz
when L, is 100 pH, it did not reflect any change in the input current or output voltage. So,

the switching frequency was maintained consistent at 40 KHz which gives best results.

From Table 5.2, it is seen that the input current and the output voltage increase as the
inductance L, is increased from 100 pH till 1 mH. As we go for higher inductance values
for L,, the input current increases slightly while the output voltage drops. From Figures
5.7 and 5.8, the positive peak is slightly higher when L, is 1 mH. From Figure 5.9, as the
value of inductance L, is increased to very large values, the negative peak is reduced by
10V. The value of L, is best in the range of 1-3 mH from the results for variations in L,
and L,. It can be seen from Figures 5.6 and 5.8, that the matching of inductor sizes and
frequency is very important to reduce the ripple in the output. The difference is size of L,

in Figures 5.6 and 5.8 is 2 mH, but the ripple is significantly reduced when L, is 3 mH.
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Experimental Result - Output Voltage of SEPIC based Inverter - L2=100 uH
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Figure 5.7 Experimental Result of Output Voltage of SEPIC Inverter when L,=100 pH

Experimental Result - Output Voltage of SEPIC based Inverter - L2=1 mH
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Figure 5.8 Experimental Result of Output Voltage of SEPIC Inverter when L,=1 mH



116

Experimental Result - Output Voltage of SEPIC based Inverter - L2=7 mH
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Figure 5.9 Experimental Result of Output Voltage of SEPIC Inverter when L,=7 mH



LIST OF REFERENCES



[1]

[2]

[3]

[4]

[5]

[6]

117

LIST OF REFERENCES

Sharaf, A. M., & Haque, A. R. N. M. R. U. (2005, January). A stand-alone
photovoltaic (AC) scheme for village electricity. Conference Record of the Thirty-
first IEEE Photovoltaic Specialists Conference, 2005, (pp. 1726-1729). IEEE.

Jose Sebastian, T. K. (2013, June). A flyback DCM DC-AC converter for PV
applications. Annual International Conference on Emerging Research Areas and

2013 International Conference on Microelectronics, Communications and

Renewable Energy (AICERA/ICMiCR), 2013, (pp. 1-6). IEEE.

Youming, C., Youwei, J., & Yuan, L. (2012, March). Circuit Analysis of a Single
Phase Micro-Photovoltaic Inverter. Asia-Pacific Power and Energy Engineering

Conference (APPEEC), 2012, (pp. 1-4). IEEE.

Veerachary, M., Kalpana, P., & Kiranmai, K. S. (2005, September). A New
Maximum Power Point Tracking Scheme for Inverters. Twenty-Seventh
International Telecommunications Conference, 2005. INTELEC'05, (pp. 429-433).
IEEE.

Calais, M., Myrzik, J., Spooner, T., & Agelidis, V. G. (2002). Inverters for single-
phase grid connected photovoltaic systems-an overview. Power Electronics

Specialists Conference, 2002. pesc 02. 2002, (Vol. 4, pp. 1995-2000). IEEE.

Yang, Z., & Sen, P. C. (1998, August). A novel switch-mode dc-to-ac inverter

with nonlinear robust control. [EEE Transactions on Industrial Electronics, 45(4),

(pp. 602-608). IEEE.



[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

118

Fardoun, A. A., Ismail, E. H., Sabzali, A. J., & Al-Saffar, M. A. (2012, July).
New efficient bridgeless Cuk rectifiers for PFC applications. /IEEE Transactions
on Power Electronics, 27(7), (pp. 3292-3301).

Jiang, S., Cao, D., & Peng, F. Z. (2011, March). High frequency transformer
isolated Z-source inverters. Twenty-Sixth Annual IEEE Applied Power Electronics
Conference and Exposition (APEC), 2011, (pp. 442-449). IEEE.

Chaturvedi, P. K., Jain, S., & Agarwal, P. (2011, April). Reduced switching loss
pulse width modulation technique for three-level diode clamped inverter. Power

Electronics, IET, 4(4), (pp. 393-399).

Mondal, G., Gopakumar, K., Tekwani, P. N., & Levi, E. (2007, August). A
reduced-switch-count five-level inverter with common-mode voltage elimination

for an open-end winding induction motor drive. Tramsactions on Industrial

Electronics, IEEE, 54(4), (pp. 2344-2351).

Haddad, K., & Joos, G. (1999, August). Three phase active filter topology based
on a reduced switch count voltage source inverter. 30th Annual IEEE Power

Electronics Specialists Conference, 1999. PESC 99, (Vol. 1, pp. 236-241). IEEE.

Mihalache, L., & Xue, Y. (2011, September). A new three-phase hybrid five-level
inverter with reduced number of high-frequency switching devices. IEEE Energy

Conversion Congress and Exposition (ECCE), 2011, (pp. 3720-3727). IEEE.

Beser, E., Arifoglu, B., Camur, S., & Beser, E. (2010, March). Design and
application of a single phase multilevel inverter suitable for using as a voltage

harmonic source. Journal of Power Electronics, 10(2), (pp. 138-145).

Rabhila, J., Santhi, M., & Kannabhiran, A. (2012, March). A new 81 level inverter
with reduced number of switches. International Conference on Advances in

Engineering, Science and Management (ICAESM), 2012, (pp. 485-489). IEEE.



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

119

Nikhil, V. K., & Joseph, K. D. (2012, March). A reduced switch multilevel
inverter for harmonic reduction. Power and Energy Engineering Conference

(APPEEC), 2012 (pp. 1-4). IEEE.

Ahmadi, D., Zou, K., Li, C., Huang, Y., & Wang, J. (2011, October). A universal
selective harmonic elimination method for high-power inverters. [EEE

Transactions on Power Electronics, 26(10), (pp. 2743-2752).

Li, J., Huang, A. Q., Liang, Z., & Bhattacharya, S. (2012, February). Analysis and
design of active NPC (ANPC) inverters for fault-tolerant operation of high-power
electrical drives. IEEE Transactions on Power Electronics, 27(2), (pp. 519-533).

Wei, H., & Batarseh, 1. (1998, April). Comparison of basic converter topologies
for power factor correction. IEEE Proceedings of Southeastcon'98, (pp. 348-353).
IEEE.

Boller, T., Kennel, R. M., & Holtz, J. (2010, March). Increased power capability
of standard drive inverters by sequential switching. [EEE International

Conference on Industrial Technology (ICIT), 2010, (pp. 769-774). IEEE.

Cao, X., & Zhang, W. (2011, May). Grid-connected solar Micro-inverter
reference design. 2011 International Conference on New Technology of

Agricultural Engineering. (pp. 239-243).

Hu, H., Harb, S., Kutkut, N. H., Shen, Z. J., & Batarseh, 1. (2013, June). A single-
stage microinverter without using electrolytic capacitors. /[EEE Transactions on

Power Electronics, 28(6), (pp. 2677-2687).

Kjaer, S. B., Pedersen, J. K., & Blaabjerg, F. (2005, September). A review of
single-phase grid-connected inverters for photovoltaic modules. [EEE

Transactions on Industry Applications, 41(5), (pp. 1292-1306).



[23]

[24]

[25]

[26]

[27]

[28]

[29]

120

Energy Matters Pty. Ltd., Micro, String and Central Inverters, Energy Matters -
http://www.energymatters.com.au/renewable-energy/inverters/micro-string-

central-inverters.php. Last date accessed: February, 2014.

Joshi, M., Shoubaki, E., Amarin, R., Modick, B., & Enslin, J. (2011, August). A
high-efficiency resonant solar micro-inverter. Proceedings of the 14th European

Conference on Power Electronics and Applications (EPE 2011), (pp. 1-10). IEEE.

Xue, Y., Chang, L., Kjaer, S. B., Bordonau, J., & Shimizu, T. (2004, September).
Topologies of single-phase inverters for small distributed power generators: an

overview. IEEE Transactions on Power Electronics, 19(5), (pp. 1305-1314).

Li, Q., & Wolfs, P. (2008, May). A review of the single phase photovoltaic
module integrated converter topologies with three different DC link

configurations. /EEE Transactions on Power Electronics, 23(3), (pp. 1320-1333).

Li, C. H,, Yang, C. Y., Chang, Y. C., Chiu, H. J,, Lo, Y. K., Chuang, C. C., &
Huang, Y. C. (2012, July). A module-integrated isolated solar micro-inverter
without electrolytic capacitors. International Conference on Audio, Language and

Image Processing (ICALIP), 2012, (pp. 247-253). IEEE.

Rahmani, R., Fard, M., Shojaei, A. A., Othman, M. F., & Yusof, R. (2011,
December). A complete model of stand-alone photovoltaic array in MATLAB-
Simulink environment. IEEE Student Conference on Research and Development

(SCOReD), 2011, (pp. 46-51). IEEE.

Bhaskar, M.A.; Vidya, B.; Madhumitha, R.; Priyadharcini, S.; Jayanthi, K.;
Malarkodi, G. R. (2011, March). A simple PV array modeling using MATLAB.

International Conference on Emerging Trends in Electrical and Computer

Technology (ICETECT), 2011, (pp. 122-126).



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

121

Izadian, A., Pourtaherian, A., & Motahari, S. (2012, September). Basic model and
governing equation of solar cells used in power and control applications.

Proceedings of IEEE Energy Conversion Expo Conference, (pp. 1483-1488).

Faranda, R., & Leva, S. (2008, June). Energy comparison of MPPT techniques for
PV Systems. WSEAS transactions on power systems, 3(6), (pp. 446-455).

Harjai, A., Bhardwaj, A., & Sandhibigraha, M. (2011, May). Study of MPPT
techniques in a solar photovoltaic array. B.E thesis, Dept. of Electrical Eng.,

National Institute of Technology, Rourkela, India.

Hegde, S., & Izadian, A. (2013, November). A new SEPIC inverter: Small signal
modeling. 39th Annual Conference of the IEEE Industrial Electronics Society,
IECON 2013- (pp. 240-245). IEEE.

Bauer, P., & van Duijsen, P. J. (1993, April). Large signal and small signal
modeling techniques for AC-AC power converters. Conference Record of the

Power Conversion Conference, 1993, (pp. 520-525). IEEE.

Cantillo, A., De Nardo, A., Femia, N., & Zamboni, W. (2011, February). Stability
issues in peak-current-controlled SEPIC. [EEE Transactions on Power

Electronics, 26(2), (pp. 551-562).

Vuthchhay, E., & Bunlaksananusorn, C. (2010, June). Modeling and control of a
Zeta converter. International Power Electronics Conference (IPEC), 2010, (pp.
612-619). IEEE.

Izadian, A. (2013, May). A synchronous single switch inverter. /EEE
International Electric Machines & Drives Conference (IEMDC), 2013, (pp. 1333-
1337). IEEE.

Bernstein, D.S. (2002, August). What makes some control problems hard.
Control Systems, IEEE, 22(4), (pp. 8-19). IEEE.



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

122

Freudenberg, J. S., & Looze, D. P. (1985, June). Right half plane poles and zeros
and design trade-offs in feedback systems. [EEE Transactions on Automatic

Control, 30(6), (pp. 555-565).

Gavini, L., Izadian, A., & Li, L. (2011, November). A parallel compensation
approach in controls of buck-boost converters. IECON 2011-37th Annual
Conference on IEEE Industrial Electronics Society (pp. 451-455). IEEE.

Iwai, Z., Mizumoto, 1., & Deng, M. (1994, December). A parallel feedforward
compensator virtually realizing almost strictly positive real plant. Proceedings of
the 33rd IEEE Conference on Decision and Control, 1994, (Vol. 3, pp. 2827-
2832). IEEE.

Iwai, Z., Mizumoto, 1., Liu, L., Shah, S. L., & Jiang, H. (2006, December).
Adaptive stable PID controller with parallel feedforward compensator. 9tk

International Conference on Control, Automation, Robotics and Vision, 2006.

ICARCV'06. (pp. 1-6). IEEE.

Misra, P. (1989, June). On the Control of Non-Minimum Phase Systems.
American Control Conference, 1989, (pp. 1295-1296).

Gessing, R. (2004, June). Parallel compensator for control systems with
nonminimum phase plants. Proceedings of the American Control Conference, 200,

(Vol. 4, pp. 3351-3356). IEEE.

Misra, P., & Patel, R. V. (1988, December). Transmission zero assignment in
linear multivariable systems. 1. Square systems. Proceedings of the 27th IEEE
Conference on Decision and Control, 1988, (pp. 1310-1311). IEEE.

Kahne, S. (1990, August). Pole-zero cancellations in SISO linear feedback
systems. /IEEE Transactions on Education, 33(3), (pp. 240-243).



[47]

[48]

[49]

[50]

[51]

[52]

[53]

123

Anderson, B., & Gevers, M. (1981, August). On multivariable pole-zero
cancellations and the stability of feedback systems. /EEE Transactions on

Circuits and Systems, 28(8), (pp. 830-833).

Buehner, M. R., & Young, P. M. (2010, June). Perfect tracking for non-minimum
phase systems. American Control Conference (ACC), 2010, (pp. 4010-4015).
IEEE.

Hensel, B., Vasyutynskyy, V., Ploennigs, J., & Kabitzsch, K. (2012, September).
An adaptive PI controller for room temperature control with level-crossing
sampling. UKACC International Conference on Control (CONTROL), 2012, (pp.
197-204). IEEE.

Ramirez, T. A., Paz, M. A., Fernandez, R., & Rodriguez, J. I. O. (2011, October).
Adaptive PI controller for a flow process, using an industrial platform with an
OPC communication protocol. 8th International Conference on Electrical
Engineering Computing Science and Automatic Control (CCE), 2011, (pp. 1-6).
IEEE.

Yamamoto, T., & Shah, S. L. (2007, April). Design of a Performance-Adaptive
PID controller. IEEE International Conference on Networking, Sensing and
Control, 2007, (pp. 547-552). IEEE.

Nascu, L., De Keyser, R., Folea, S., & Buzdugan, T. (2006, May). Development
and evaluation of a PID auto-tuning controller. /EEE International Conference on

Automation, Quality and Testing, Robotics, 2006, (Vol. 1, pp. 122-127). IEEE.

Muro, K., Nabeshima, T., Sato, T., Nishijima, K., & Yoshida, S. (2009,
November). H-bridge buck-boost converter with dual feedforward control.

International Conference on Power Electronics and Drive Systems, 2009. PEDS

2009, (pp. 1002-1007). IEEE.



APPENDIX



APPENDIX

kpdp—kndp
kp(1-dp)+kn(1-dp)

Sll = _i(kp +kn)[
521 = _i(kp +kn)R

_B (kp+kn)

31 a R+1rca

(kpdp—kndy) (kp (1_dp)_kn(1—dn))

kp(1-dp)+kn(1-dy) R

Sar = —ilkp@ —dp) + k(1 —dy) +

Where,

—(kp+kn)(kpdp—kndy)
kp(1-dp)+kn(1-dy)

a =

N (kp+kn)(kp(1—dp) +Hen(1=dn))
kpdp—Kndn

2R, (kn(l —d,) — kp(l - dp)) (Rrp + 10Tcp) —

(kp(a=dp)+hn(=dn))’  2((kp(1=2p))*~(kn(1=d)?)

R? —
(kp+kn)(kpdp—kndn) (kp+kn)

(kpdp—kndn)(kp(1—dp)—kn(1—dn))2 2]
(kp+kn) (kp(1-dp) +en(1-dn))

g = [(kn(1—dn)—kp(1—dp) _ kp(1-dp)+kn(1-dn) kp+kn

Rre; ————(Rryp + 1p27¢2) —
kp(1-dp)+kn(1-dy) kpdp—kndp ) C2 kpdp_kndn( 12 + T127c2)

(kp(1=dp)+hn(1=d)”  ky(1-dy)=kn(1=dn)
(kp+kn)(kpdp—kndny) kp+kn

Kpdp+kndn
Kpdp—kndn

(Rrey + 1eq7c2) — ( )R?

124

(Rrpy +147¢2) — (kpdp - kndn)(RTm + 7ciTc2 + R1gp) +



