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ABSTRACT

OPERATING CHARACTERISTICS OF UTILITY INTERACTIVE INVERTERS

USED IN PHOTOVOLTAIC SYSTEMS

By
Gevork Mkrtchyan

Master of Science in Electrical Engineering

The fundamental operating characteristics of the utility interactive, or grid connected,
inverter is explored. The foundation of photovoltaic and power electronics is established,
along with the concept of waveform inversion leading to the understanding of the inner
workings of the utility interactive inverter. Various topologies of the inverter design are
presented, along with discussions regarding switching devices, of which it is determined
that currently the IGBT semiconductor devices are more applicable. The concept of
utility synchronization is explored along with methods of accomplishing synchronization,
such as Fourier filters, adaptive filtering, in-quadrature signal generation, phase locked
loops, etc. Anti-Islanding methods are discussed, as pertaining to IEEE 1547 along with
maximum power point tracking algorithms, of which it is determined that the perturb and
observe method along with the incremental conductance method provide the most
efficiency. Finally, the concepts are combined together to simulate an H-type full-bridge
inverter topology with a second order generalized integrator (SOGI) frequency locked
loop (FLL) with gain optimization and a unipolar pulse-width modulated control scheme
coupled with a maximum power point tracking (MPPT) control block and algorithm
driving a DC-DC step down converter. Simulations verify the concepts discussed and
establish a concise text regarding a complete utility interactive inverter system.

XVi



INTRODUCTION

For hundreds of years, the use of fossil fuels have significantly shaped our lives, from the
generation of electricity to the internal combustion engine that powers the automobiles
we drive every day. Fossil fuels have brought about tremendous changes in the world as
evident by the Industrial Revolution, which provided advancements in manufacturing,
agriculture, and technology to name a few. These advancements have had a profoundly
positive impact on human society as more job opportunities were available than ever
before and a global economic infrastructure began to take shape as a result of mass
production and transportation capabilities. However as technology has progressed, so has
our understanding of the negative consequences from the use of fossil fuels.

According to a US Environmental Protection Agency (EPA) report released in 2011,
almost 95% of the greenhouse gases that were generated in the United States in 2009
were due to the combustion of fossil fuels [1]. The results of this and many other similar
studies have raised our awareness of the detrimental impact that the combustion of fossil
fuels have on our environment and our health. This has provided a shift in our way of
thinking, as now we assess the results of our actions and how they will affect our
environment. In recent years, legislation has been passed to further our advancement and
use of technologies utilizing renewable energy sources, such as wind, heat and sunlight.

As we now strive to become an environmentally friendly society, more and more
companies and institutions are developing new technologies, and improving existing
technologies, to take advantage of renewable energy sources. One such technology is the
use of solar panels to generate electricity. Solar panels are able to accept sunlight and
convert that energy into electricity, thus providing a viable energy source devoid of the
harmful effects from the combustion of fossil fuels.

The production of electricity from the use of solar cells is nothing new. In fact, in 1839
French physicist A.E. Becquerel was the first to discover the photovoltaic effect while
studying the effect of light on electrolytic cells. Little did he know that his discovery
would eventually propel the human race into a new technological frontier and provide the
means to power satellites and vehicles sent into orbit to explore the depths of our solar
system and universe. However, as revolutionary as his discovery was, it was not until
1954 at Bell Laboratories when the first modern photovoltaic cell was developed. From
that point on we have seen solar cells be utilized in anything from small electronics, such
as calculators, to large scale solar panel installations capable of generating upwards of a
few hundred megawatts (MW) of electricity. In fact, at the time of this writing,
California State University Northridge has installed solar array systems in two areas of
the campus with a total system size of 872 kW DC. Also, since its inception in March



2005, the solar array has generated over 10 megawatt-hours (MWh) of energy, enough
energy to power over 206,000 homes for one day.

The use of solar panels for the generation of electricity is not limited only to large
organizations such as energy companies or educational institutions.  Due to
advancements in technology and the public’s awareness of the availability of such
technologies, many home owners have installed solar panels on the roofs of their homes
to generate their own electricity and thus reduce their energy costs and reduce the amount
of fossil fuels consumed by power plants. Some governments even offer incentives and
rebates for home owners who install such panels on their homes.

As a result, the quantity of solar panel installations throughout the world has
tremendously increased in recent years. This has in turn caused many startup companies
to emerge in order to provide the hardware and installation services of solar panel
systems. As we see a proliferation of solar panel installations, the engineering
community must be able to provide the technology that will accommodate the needs of
the different types of consumers of these photovoltaic systems.

For example, a residential installation of a solar panel system would have to allow for
both a stand-alone system and one that is going to be grid connected, which will be able
to feed any unused energy back into the system. This will also hold true for commercial
installations, however, these installations must be able to provide 3-phase power, as
opposed to single phase power found in residential installations. These and other issues
such as anti-islanding, synchronization, etc. will be touched upon along with a general
introduction to photovoltaic systems and their properties.

However, no matter the type of system to be designed and installed, one piece of
hardware is essential to the proper operation of the photovoltaic system, the inverter. The
inverter is one of the most important components of the system and its proper operation is
crucial to the efficiency and feasibility of the solar panel installation. Its most
fundamental operation is to transform the direct current (DC) generated by the solar cells
into alternating current (AC) that is used in ALL residential and commercial buildings as
its electrical power source, which we will discuss in further detail.

We will focus on all aspects of the inverter as it applies to grid connected/utility
interactive applications. Basic photovoltaic theory will be introduced to set a foundation
in regards to the spirit of this text, along with general engineering concepts that will be
needed for a complete understanding. Power electronics, in relation to the inverter, will
be heavily relied upon and topics related to photovoltaic systems, such as Maximum
Power Point Tracking (MPPT), utility synchronization and anti-islanding techniques will



be explored. The motivation behind this project is to provide a unified source of
information regarding photovoltaic theory and its application in utility interactive inverter
technology.



PHOTOVOLTAIC THEORY
Introduction

The photovoltaic effect, as stated previously, was discovered in the 19" century; and
since then, advancements in science and technology have enabled us to successfully
harvest solar energy from our sun and convert it into electrical energy capable of
powering the appliances and devices we use on a daily basis. The mass production of
semiconductors, using elements such as silicon, has no doubt contributed to the
proliferation of solar cells in the market, considering that the semiconductor material is
the fundamental component of the cell and photovoltaic theory. As such, to further
explore the subject of photovoltaics, we must first establish an adequate understanding of
the science involved.

Sunlight is a form of electromagnetic radiation (EMR), that is, energy with both an
electric and magnetic field component that travels in a wave-shaped pattern through
space. The basic unit of EMR, and thus sunlight, is a mass-less, charge-less elementary
particle called the photon. Since EMR has been proven to travel in a wave-like pattern,
so must the photon. Also, all wave-like patterns have an associated wavelength, A, and
the photon is no exception. Since the photon is mass-less, its energy is dependent only
upon its wavelength, which can be shown as

1 E_hc

where h is Planck’s constant (6.62606957 x 10°%* J-s or 4.135667516 x 10 Ev-s), ¢ is
the speed of light/photon (299792458 m/s) and 4 is the wavelength of the photon. For
example, the energy of a photon with a wavelength of 700nm (visible light of the color
red) is approximately 1.39 x 10! J.s or 1.77 Ev-s. The importance of Equation (1) is
realized in the fact that only photons with energy greater than the semiconductor band
gap (Eg) will contribute to the energy conversion process. This energy must be enough
to form an electron-hole pair in the semiconductor material. As such, the spectral nature
of sunlight is an important consideration in the design of efficient solar cells. We will
explore the semiconductor band gap further in the text.

The creation of multiple electron-hole pairs in the semiconductor generates an electrical
current between n-type and p-type materials, due to the simple fact that electrons and
holes are carriers of electrical current. To compare this process to a familiar electrical
process and facilitate a general understanding, the semiconductor can be thought of as a
diode that allows the passage of electrical current through its terminals in a particular



direction, after it has absorbed the energy of sunlight and converted into an electrical
current. Figure 1 shows the structure of a conventional solar cell and also demonstrates
the energy conversion process.

Sunlight

Metal Grid .
Absorption Layer

n-type layer

b ‘ i
.

|7 | Ve

h+

p-type layer \ e

| Ve

Metal Contact

Figure 1 A conventional solar cell. Creation of electron-hole pairs, e and h*. Generated current flows
between the metal grid and metal contact, which are opposite in polarity due to the migration of
electrons and holes

Since the energy conversion process in the solar cell is highly reliant upon the energy
available in sunlight, we must analyze the spectral irradiance of sunlight. The surface
temperature of the sun is measured to be 5762 K and its radiation spectrum is closely
approximated to that of a black-body radiator, a physical body that absorbs all
wavelengths of incident electromagnetic radiation. Also, the emission of radiation from
the sun, along with all black-body radiators, is isotropic, that is, it radiates uniformly in
all directions. However, due to the fact that the Earth is such a great distance away from
the sun (almost 150 million kilometers), only those photons emitted directly in the
direction of the Earth will contribute to the solar spectrum as observed from the Earth.
Since the atmosphere affects the spectral content and intensity of the radiation reaching
Earth’s surface from the sun, we must be able to measure this effect. This measurement
is known as the Air Mass number and can be calculated by the following equation



1

2) AirM =
(2 ir Mass v

where & is the angle of incidence (6 = 0 when the sun is directly overhead). An Air Mass
number of 0 (AMO) is the spectral distribution just above the Earth’s atmosphere. AM1.5
is a widely used standard used to compare solar cell performance that is normalized to a
total power density of 1 Kw/m?. The Air Mass number can be further defined in terms of
whether or not the measured spectrum includes the diffuse component, such as when we
observe the spectral content of sunlight from here on Earth due to the reflection and
scattering in the atmosphere and surrounding landscape. For example, an Air Mass
number of AM1.5d signifies that the measured spectrum does not include the diffuse
component and is therefore direct, whereas AM1.5g signifies a global measurement that
includes the diffuse component.

()l'

0. 0.5

Figure 2 The radiation spectrum for a black-body at 5762 K, an AMO spectrum, and an AM1.5 global
spectrum [2]

As we can see in Figure 2, a 100 cm? surface area (the area of a typical solar cell used on
a solar array panel) of sunlight on the Earth’s surface can have an incident power up to



approximately 175 kW at approximately the 500 nm wavelength. However, we are well
aware that a real-world solar cell will not produce power anywhere near the amount we
observe in Figure 2. As such, we must explore the underlying operation of solar cells and
to do so, we must understand some fundamental properties of semiconductors which will
lead us to define the most basic attributes of the solar cell: the open-circuit voltage, Voc;
the short-circuit current, Isc; the fill factor, FF; the conversion efficiency, #; and the
collection efficiency, #c.

Semiconductors

The discovery of semiconductors have allowed for some of the greatest technological
advances in history. As shown earlier, the characteristics of semiconductors are ideal for
their use in solar cells. The most common semiconductor material used in the fabrication
of solar cells is silicon (Si), whether it be crystalline, polycrystalline, or amorphous.
Although there are other materials such as GaAs, GalnP, and CdTe that can also be used,
silicon has been the most common choice due to the fact that its absorption characteristics
are a good match to our solar spectrum [2]. We will only provide the essential concepts
of semiconductors as related to this paper. A more in depth analysis of semiconductors
can be explored through sources [2, 5, 6], or others, if further explanation of the
introductory material is required.

It was stated earlier that in order for the energy conversion process in semiconductor
materials to occur, absorbed photons must have an energy greater than the
semiconductor’s band gap (Eg). The material’s band gap is essential to the solar energy
conversion process. The best way to understand the energy conversion process, and
consequently the band gap, is to analyze how electrons behave and essentially what it
takes to get those electrons excited. Electrons carry a negative charge, and when a large
number of electrons move in the same direction, they form an electric current.
Borrowing from quantum mechanics, electrons in an atom can be thought of as being
somewhere in an array of possible “states” — which include their energy level, momentum
and spin — with different probabilities of being in a given state. Two electrons cannot be
in the same state at the same time; at least one of the aforementioned variables must be
different. Some particular states are possible, and some are forbidden by the laws of
quantum mechanics. Sets of possible states form regions that are called bands. Set of
states that are not possible form regions between those bands, and these are called band
gaps. In order to create electrical current in the semiconductor material, enough energy is
needed to excite the electrons to move between the bands, and thus, through the band
gap. Figure 3 illustrates this concept by plotting the energy E versus the crystal
momentum p. Materials with a fairly large band gap are referred to as insulators. The



large band gap between the valence and conductions bands of insulators prevent electrons
from reaching

L

Figure 3 A simplified energy band diagram at T > 0 K for a direct band gap (Eg) semiconductor [2]

the conductions at ordinary temperatures, such as what we experience here on Earth.
Conductors, on the other hand, have overlapping bands with no band gap, which means
that their electrons are essentially free to move from the valence band to the conduction
band. As one can already imagine, semiconductors can act as both insulators and
conductors directly due to their band gap. At lower energy levels, semiconductors will
not conduct electricity, whereas at higher energy levels, the semiconductor behaves like a
conductor in its electrical characteristics.

As we are well aware, different materials have different characteristics, and
semiconductors are no exception. Semiconductors have two different types of band gaps:
direct band gaps, as seen in Figure 3, and indirect band gaps. The difference between
the two is actually quite simple. When the minimum of the conduction band and the
maximum of the valence band occur at the same value of the crystal momentum, as
shown in Figure 3, the material is considered a direct band gap semiconductor. When
they do not align, then the semiconductor is said to be an indirect band gap
semiconductor. Si is an indirect band gap semiconductor, whereas CdTe or GaAs, for
example, are direct band gap semiconductors. One can deduce from Figure 3 that direct



band gap materials are a much better candidate for solar cell fabrication compared to
indirect band gap materials as they will absorb light better due to the amount of energy
needed to move electrons between bands. However, Si, an indirect band gap
semiconductor, is the most common material used to make solar cells. This may be
attributed to the availability and cost of production of Si compared to other
semiconductor materials. As stated previously, a more in-depth analysis can be attained
through sources [2, 5, 6] and others.

Figure 4 depicts the structure of a simple solar cell to assist in attaining the fundamental
properties of a solar cell pertaining to photovoltaic energy production: the short-circuit
current, open circuit voltage and the fill factor.

li _

n

Figure 4  Simple solar cell structure used to analyze the operation of a solar cell. Free carriers have
diffused across the junction (x = 0) leaving a space-charge or depletion region practically
devoid of any free or mobile charges. The fixed charges in the depletion region are due to
ionized donors on the n-side and ionized acceptors on the p-side [2]

During the solar energy conversion process, electrical current flows through the solar
cell’s terminals at x = Wp and x = -Wy. Without exhausting the derivation, a solar cell’s
short-circuit current can be defined as

Q) Isc = Iseny + Iscp + Iscp

where Isc is the short-circuit current and is the summation of the short-circuit current
from each of the three regions: the n-type region (Iscn), the depletion region (Iscp), and
the p-type region (Iscp). By observing Figure 4, this conclusion can be made rather
easily, however, a full mathematical derivation of equation (3) is outside the scope of this
paper and can be found in [2].



We can furthermore represent the solar cell as an electrical circuit model, as shown below
in Figure 5.

Figure 5 A simple solar cell circuit model. Diode 1 represents recombination in the quasi-neutral region,
while diode 2 represents the recombination in the depletion region

Please note that for ease of discussion, we have not included parasitic series and shunt
resistances inherent in real-world solar cells. As such, this is considered an idealized
model of a typical solar cell. Using elementary circuit analysis and derivations shown in
[2], we can represent the circuit model in Figure 5 with the following equation:

4 I=I4-— ]Ol(eqv/kT _ 1) _ Ioz(eqv/sz ~1)

where lo; is the dark saturation current due to recombination in the quasi-neutral regions,
lo2 is the dark saturation current due to recombination in the depletion (space-charge)
region, q is the magnitude of the charge of an elementary electron, k is Boltzmann’s
constant, and T is the temperature in Kelvin [2]. A common and reasonable assumption
for a good silicon solar cell is the elimination of diode 2, the dark saturation current due
to the depletion region. This model, along with derivations made in [2], allows us to plot
the current-voltage characteristic of a given silicon solar cell in Figure 6.

This plot illustrates the important characteristics of the solar cell: the short-circuit current,
the open-circuit voltage, and the fill factor. When the applied voltage, V, is small, the
diode current is negligible and current can be approximated to the short-circuit current,
Isc (set V =0 in equation (4)). Conversely, when the applied voltage is high enough that
the recombination current (diode current) becomes significant, the solar cell current, Isc,
quickly drops to zero.
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Figure 6 Current-voltage characteristic of a typical silicon solar cell [2]

In an open-circuit condition (I = 0), all of the light-generated current, lsc, is flowing
entirely through diode 1, and thus, the open-circuit voltage, Voc, can be written as

kT I+ 1 kT I
() Voe= —InE—x
q Iy q Iy

where Isc >> lp;. Please turn your attention to the “knee point” of the curve shown in
Figure 6. This point is where the power produced by the solar cell is at a maximum.
This is referred to as the maximum power point, Pyp = Viyplyp. We will discuss in depth
the use and calculation of the maximum power point in regard to inverters later in the
text. Of particular interest is the rectangle whose area, given by Pwp, is the largest
rectangle for any point on the I-V curve shown in Figure 6. The maximum power point is
found by solving the following equation:

oP _ vy
oV lyoy,, OV

(6)

= [1+v al]
V=Vup ov

V=Vump
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The current at the maximum power point, lyp, is then found by evaluating equation (4) at
V= V|\/|p.

The fill factor, FF, is a measure of the “squareness” of the I-V characteristic curve in
Figure 6, is always less than one, and can be defined as

Pyp _ Vuplup

(7) FF =
Voclse  Voclsc

This ratio ultimately defines the actual maximum obtainable power of the solar cell. The
fill factor is one of the most significant parameters in evaluating the energy vyield of a
solar cell, besides the efficiency.

The efficiency, 5, of a photovoltaic cell is defined as

Pup _ FFVoclsc
Pin P;

8 n=

where, Pi, is the incident power determined by the properties of the light spectrum
incident upon the photovoltaic cell. Information regarding the experimental
determination of said properties can be found in [2].

The last attribute of the photovoltaic cell we will discuss is the collection efficiency, #c.
A solar cell’s collection efficiency is a measure of how well the cell is able to convert
energy received from photons into electrical current. The collection efficiency can be
defined in two ways: the external efficiency, n&*t, defined relative to both optical and
recombination losses, and the internal efficiency, n2*, defined with respect to
recombination losses only. The external collection efficiency can be calculated with the
following equation

@ gt = L

C
Ipn

where

(10) IphquJ:1 . f)da

is the maximum possible photocurrent that would result if all photons with E > Eg (1 < Ac
= hc/Eg) created electron-hole pairs that were collected. A is defined as the area of the
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solar cell and f (1) is defined as the photon flux shown in [2]. The internal collection
efficiency can be calculated with the following equation

. I
(11) T]Ent — ISC
gen
where
(12) Ijen = qA(1 =) [1— r(DIFA)(1 — e~eWn+We)) gz

A<g

is the light generated current, s is defined as the grid-shadowing factor, r(1) is defined as
the reflectance, o is defined as the reflection coefficient, Wy is defined as the width of the
n region, and Wp is defined as the width of the p region [2]. This would represent the
short-circuit current if every photon that is absorbed by the solar cell is collected and
contributes to the short-circuit current. It should be noted that the average solar cell is
only 10% efficient.

The characteristics discussed above are just the fundamental properties of photovoltaic
theory and are presented to provide the required material necessary for proper
comprehension of the subject. There is more information that may need to be explored
for accurate system design, however, that would be beyond the scope of this paper.
Please refer to [2] for further in-depth information regarding cell manufacturing,
theoretical limits of photovoltaic conversion, semiconductor composition and other
important topics regarding photovoltaic theory.

A Complete Photovoltaic System

Departing momentarily from theory, let us take a more practical approach in
understanding the photovoltaic system as a whole, as it pertains to our daily lives. We
now have some knowledge pertaining to the solar cell and its major characteristics. Our
next task is to apply this knowledge and benefit from the results.

Let us consider a single family home containing 4 family members. In the United States,
the average energy consumption is 12000 kWh/person/year. However, this includes all
the energy required at work, school and the energy required to produce goods purchased
by each person. Therefore, if we assume that, on average, the energy consumption per-
capita at home is one-third of the average energy consumption, we can conclude that
energy consumption at the home is 4000 kWh/person/year. Dividing by 365 days a year
and multiplying by 4 members of the single family we have approximately 44 kwh/day
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of energy consumption. We must now determine the size of the photovoltaic array to be
installed, along with an adequately sized inverter to convert the DC generated by the
solar panel(s) into AC used throughout the home. Other considerations such as conductor
sizing, circuit protection, etc. will be omitted in this paper but must be considered at the
time of system design.

According to [3], solar irradiance has been measured to be 1.3608 kW/m? and thus the
daily value of solar energy per square meter in terms of kilowatt hours is approximately
32.66 kWh/m? Given the fact that the average photovoltaic cell is only 10% efficient,
this value becomes 3.266 kWh/m?/day. Therefore, for an average single family home
consisting of 4 members, the size of the required photovoltaic array would approximately
be 13.5 m* (145 ft?), which the average household roof can more than accommodate for.

Now to calculate the size of the inverter required, we must take into account that on
average, present day inverters are 90% - 95% efficient, because some of the power is lost
as heat during the conversion process. Therefore, if we divide 44 kWh/day by 24 h/day
we will have approximately 1.83 kW, and taking into account a 90% efficiency rating of
the inverter, we must install an inverter rated at least 2 kW.

Typically, the input voltages of inverters are between 140 VDC and 450 VDC, with 500
VDC being the maximum input voltage allowable. The output voltage of our panel(s)
will vary throughout the day, each day, and will also vary with temperature. We must
ensure that the total open-circuit voltage of the installed panels does not exceed the
maximum allowable input voltage of the inverter.

Advances in technology and the photovoltaic cell fabrication process have led to the
production of cells that are able to provide a much higher output in power than compared
to the example shown in Figure 6, sometimes providing twice the maximum power point
current under standard test conditions, STC (1 kW/m? 25°C, AM 1.5) [4]. Let us
consider a typical 156mm x 156mm (6.14 in x 6.14 in) monocrystalline silicon cell used
in many photovoltaic panels today. Each cell has the following specifications as shown
in Table 1.

We can construct a solar module capable of producing 200 W by connecting together 50
monocrystalline silicon cells, whose specifications are shown in Table 1.

There are two ways to connect solar cells, as there are two ways to connect any electrical
components together, in series or in parallel, as shown in Figure 7. Connecting cells in
series effectively adds the output voltage of each cell, and in the same way, connecting
cells in parallel adds the output current of each cell.
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Parameter Value
Maximum Power Rating (Pmax) 4W
Open Circuit Voltage (Voc) 0.616 V
Short Circuit Current (Isc) 8.60 A
Maximum Power Voltage (Vvp) 0.496 V
Maximum Power Current (lyp) 8.07 A

Table 1 Specifications of a typical 156mm x 156mm monocrystalline silicon cell at STC (1 Kw/m?,

25°C, AM 1.5)
< 1= I] = 12
+ ®
I:II+IZ I V:V1+V2
-+
Vi L
+
V=V,+V, . Vi bV b
+ -
V2 L
- @
a) b)
Figure 7  Solar Cell Connection a) Series Connection of Solar Cells b) Parallel Connection of Solar
Cells

For simplicity, and to follow the convention of most photovoltaic module manufacturers
today, let us construct a solar module by connecting 50 individual photovoltaic cells in
series, as shown in Figure 8.
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Figure 8 Electrical representation of a photovoltaic module with 50 series connected solar cells

As such, the module in our example will have the following specifications shown in
Table 2 below. The dimensions of this module are 1.658 x .834 x .046m (5.44 x 2.74 X
.151 ft), which corresponds to a surface area of 1.383 m? (14.89 ft?).

Parameter Value
Maximum Power Rating (Pwmax) 200 W
Open Circuit Voltage (Voc) 30.8V
Short Circuit Current (lsc) 8.6 A
Maximum Power Voltage (Vwp) 24.8V
Maximum Power Current (lyp) 8.07 A

Table 2 Specifications of a typical 50 cell photovoltaic module at STC (1 kW/m?, 25°C, AM 1.5) [7]

To provide the average household of 4 with 1.83 kW of power, we will need to connect
10 of these photovoltaic modules in series, to create a photovoltaic array with the ratings
shown in Table 3.

Parameter Value
Maximum Power Rating (Pwmax) 2 kW
Open Circuit Voltage (Voc) 308 V
Short Circuit Current (Isc) 8.6 A
Maximum Power Voltage (Vip) 248 V
Maximum Power Current (Iyp) 8.07 A

Table 3 Ratings of a 10-module series array using modules with specifications shown in Table 2
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This array will provide power for the 4 person household in our example and will only
use 13.83 m? (148.9 ft%) of the roof’s surface area. This is strikingly close to the 13.5 m?
(145 ft?) we calculated earlier, the difference of which can be attributed to extra materials
required in the fabrication process of a typical photovoltaic module. We can now
construct a simple diagram for the photovoltaic system we designed for an average
household of 4 people, as shown in Figure 9.

FROM UTILITY
2 kW -
200 WATT INPUT: 140 — 450 Vpc METER
24.8V Ve OUTPUT: 240 V¢, 60 Hz (L-L)
8.07A lye
(EACH MODULE) INVERTER ]
- +—- +—- +—- - + + Ly o
[+ -+ -+ - i ) - L &
f GND GND 1 < <
— — TO HOUSE

Figure 9 A simple 2 kW photovoltaic system for a typical 4 person household

As stated earlier, the reader may wish to explore in more detail in regard to photovoltaic
theory and design by utilizing the sources referenced in this paper. We conclude our
discussion of photovoltaics and turn to the heart of this paper, the inverter, beginning
with applicable power electronics theory.
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POWER ELECTRONICS THEORY - AS IT RELATES TO THE INVERTER
Introduction

Without a minimal knowledge of power electronics theory and concepts, the task of
properly identifying and understanding the operating characteristics of an inverter would
be insurmountable. Power electronics can be thought of, in a general sense, as a means to
supply the proper voltages and currents to a load by way of processing and controlling
electric energy through a mixture of power system and electronic components. To
visualize this statement, Figure 10 illustrates a block diagram of an elementary power
electronic system.

Power Input Power Output
PROCESSOR LOAD
1; Io
T Control
Signals
- CONTROLLER -
Reference Measurements

Figure 10 Block Diagram of an elementary power electronic system

We can easily see that the Processor in Figure 10 accepts an incoming power signal
(which may be single or three phase) and produces a suitable output power signal for the
Load based on information it receives from the Controller. For example, consider that
our load accepts only a DC input and the only available input source available to us is an
AC source. By following the block diagram in Figure 10, the Processor could be
comprised of a high-frequency transformer, rectifier circuits and filtering circuits to
convert the sinusoidal AC source to a DC source suitable for the Load. By the same
token, the Controller could be comprised of a microcontroller which measures the output
voltages of the rectifier circuit and filtering capacitor, compares it to a reference voltage
and outputs a control signal to a MOSFET that controls the output of the transformer.
This is just a simple example of the application of power electronics theory.

In recent years, major advancements in the fields of microelectronics and semiconductor
fabrication have allowed for more robust system design, faster processing speeds, higher
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voltage and current capabilities and faster semiconductor switching speeds. This allows
for broader application of power electronics from simple household rectifying
transformers to utility interactive inverters and beyond.

Steady State Concepts and Fourier Analysis

Before we dive into inverter theory, let us review some fundamental concepts required
for an adequate understanding. Power electronics involves circuits that contain devices,
such as diodes and switches, which constantly alternate between their respective on and
off states. How can one determine if these circuits are in a state of transient response or
in steady state? The steady state of a circuit is the condition in which the circuit
waveforms begin to repeat within a time period of T seconds. For example, Figure 11
below shows a circuit waveform in which the initial state of the circuit is of a transient
nature which then settles into a steady state form, much like the response of a circuit
containing reactive components changing from an off state to an on state.

v(t)

t(s)

!
| |
| ~—T—|
| |

Figure 11 Example of a waveform with transient and steady state responses
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Now consider that we must calculate the power generated/dissipated from a given circuit
or part of a given circuit. The instantaneous power flow of any given circuit can be
calculated as

(13) p(t) =vi
where v and i are the time varying waveforms of voltage and current respectively. This
does not give us usable information about the power of the circuit because it is different
for each point in time. However, if v and i repeat with a time period T in steady state,

then we can calculate the average power, which is a more useful piece of information
than the instantaneous power. The average power can be calculated as

1 (7 1 (T
(14) Pa”:TjO p(t)dt=ffo vi dt

If the circuit in question consists of a purely resistive load, then v = Ri and can be
substituted in equation (14) to yield

1 T
(15) P, =R—f i2dt
T 0

Let us now consider the RMS value | of the current, rather than the instantaneous, and
express the average power as

(16) P,, = RI?

By comparing equations (15) and (16), we obtain

1 T
R12=R—j i%dt
T 0

And solving for the RMS current 1 yields,
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Examining equation (17) reveals to us the origin of RMS, as in Root Means Square. This
is a general result and can be applied to all waveforms. Utilizing the same method, the
RMS voltage V is determined to be

1 T
(18) V= —j v2dt
T 0

By analysis, if v and i are a constant DC voltage and current, these equations would still
remain valid except that the average and RMS values would be equal. Also, if the
waveforms of v and i are purely sinusoidal, such as in an AC circuit, then we can
calculate the RMS voltage and current to be

v

where v and i are the peak values of the instantaneous voltage and current waveforms
respectively.

In power electronics, however, the more prevalent waveform is the nonsinusoidal
waveform. This is due to the fact that most of the waveforms in power electronics are
synthesized by using pieces and segments of an input waveform or waveforms. These
waveforms are almost always highly distorted but are always analyzed in the steady state.
As discussed earlier, the steady state waveform repeats with a time period T after an
initial transient period has passed. As such, once the circuit is in steady state and the
period T can be determined, the frequency of the waveform, f, can be calculated as

w 1
(20) f=ﬁ=

T

where o is known as the angular frequency in rad/s. The frequency f, in Hz, is known as
the fundamental frequency and is usually denoted by a subscript 1. There are circuits,
however, where components with unwanted frequencies may exist as a result of
switching signals operating at a frequency other than the fundamental frequency, or they
may be multiples, or harmonics of the fundamental frequency. These are best shown in
Figure 12,

We can see that the general shape of the waveform is that of a square wave depicted by
the dotted line. However, in order to obtain the square wave shape, a triangle waveform

21



was modified to produce the square wave and the resulting unwanted components
generated by the switching devices can easily be seen.

It is important to calculate these components so as to determine the total distortion
present in a particular circuit. Fourier analysis is used to calculate these components.

- 27-[ -

Figure 12 Example of a nonsinusoidal waveform with multiple frequency components

In general, a nonsinusoidal waveform f(t) repeating with an angular frequency w can be
expressed using a Fourier Infinite Series as shown below

(o] 1 [ee]
Q1) f®)=Fy+ ) fr(t) ==ay+ ) {a,cos(hwt) + bysin(hwt)}
0 th h 5> %0 ; h h

where

2T

1 1 1 (T
@) Fo=za=g FOd@)=7 [ @
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1 21
(23) ay = ;.f f(t) cos(hwt) d(wt)

and

2

(24) by, = % f () sin(hwt) d(wt)
0

We can clearly see through these equations that a waveform in steady state is the sum of
its Fourier components [8]. For example, a distorted waveform such as the one shown in
Figure 12 can be synthesized by adding triangular waveforms at multiple pre-calculated
frequencies to form the general shape of a square wave. By the same token, we can
quantify the amount of distortion present in any periodic waveform by means of an index
called the total harmonic distortion, or THD.

Leaving the derivation to the reader, the THD, usually shown in terms of percentage, is
defined as

F,.
(25) %THD = 100 x -2

F
e [3 (22
FSl

h=#1

The terms in equation (25) are all in RMS and are based under a simplifying assumption
of a purely sinusoidal waveform F, at the fundamental frequency. The total waveform,
F;, is the square root of the sum of the square of Fy; and the sum of squares of all the
waveforms containing multiples, or harmonics, of the fundamental waveform F;,, where

1
h # 1. The distorted waveform, F;,, can be expressed as [F;* — Fy;°] /2,

Fourier analysis is fundamental in understanding concepts related to power electronics
such as waveform shaping and calculation of total harmonic distortion (THD). It is left to
the reader to further explore such topics for a more thorough understanding of Fourier
analysis and its applications.
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Semiconductor Switches

The concept of switching and the use of semiconductor switches are essential to the
theory, design and use of power electronic circuits. These switches allow engineers to
modify voltage and current signals and route them to appropriate loads or sub-circuits.
Before beginning our discussion on switches, let us briefly take into account the
fundamental element of switching losses. Switching losses arise from the momentary
surge in power resulting from the closing or opening of a switch. This is better described
through an illustration in Figure 13.

~ton ] ‘7toff—"

p=vi

o
—+

Figure 13 Voltage, Current and Power Loss waveforms of a semiconductor switch

The operation of a switch contains three states: turn-on, conduction and turn-off. When a
switch is closed and is in the turn-on state, the voltage across its terminal drops from a
large value down to almost zero within a time period t,,,. Respectively, the current rises
sharply from no current to its full current value during that same time interval. This
results in a temporary spike in power during the turn-on state as seen in Figure 13. After
the turn-on period has elapsed, the switch is in its steady state known as the conduction
state, shown by T in Figure 13. When the switch is opened and is in the turn-off state, the
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voltage across the switch begins to rise sharply within a time period t,¢¢. And as such,
the current drops sharply to zero during that same time period. This turn-off state, as
seen in Figure 13, also generates a temporary spike in power. The average value of the
sum of these spikes is known as switching losses and can be calculated by

ton toff
(26) Pswz(f Pdt‘*'j Pdt>fsw
0 0

where fsy/is the frequency at which the switch operates. The total power loss of a switch
is the sum of the power loss during the conduction state and the power loss due to
switching and can be shown by

(27)  Protar = Pc + Psw

Calculation of these losses is essential in determining the overall efficiency of the circuit
and allows engineers to determine the correct devices needed.

One of the most important switching devices related to power electronics and inverter
design is the power diode. Power diodes are considered to be an uncontrolled
semiconductor switch, in that it operates without, and independent of, a control signal.
The semiconductor structure and circuit symbol of a power diode are shown in Figure 14.

ANODE A

HH
—_—
<

CATHODE C
Figure 14 The semiconductor structure and circuit symbol of a typical power diode
The current in a diode can only flow from anode to cathode under forward bias
conditions, that is, the voltage from cathode to anode must be positive and within a

certain range. Current in the reverse direction is blocked when this voltage is not
positive. The voltage-current characteristic of a power diode is shown in Figure 15.
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Ic — Forward Current

Ve — Max. Forward
Voltage for a given I¢

Ivr — Max. Reverse
Biased Leakage Current
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Figure 15 Voltage-Current characteristics of a typical power diode (Different scales are used for positive
and negative half-axes)

Other important characteristics of the diode such as reverse recovery time are left for the
reader to explore. We will also forgo a discussion on semi-controlled switches, such as
the thyristor family of semiconductor devices (SCRs, Triacs) and instead focus on three
types of fully controlled semiconductor switches predominantly used in modern inverter
systems, Power BJTs, Power MOSFETSs and IGBTs. This is not to say that these three
are the only devices categorized as fully controlled switches, however, they are the most
prevalent in inverter systems and most applicable in terms of the scope of this project.

The bipolar junction transistor (BJT) is a three terminal semiconductor device. An npn
BJT is shown in Figure 16. The collector (C) to emitter (E) path serves as the switch,
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conducting or interrupting the main current, while the base (B) is the control electrode
which “opens” or “closes” the switch.

COLLECTOR C
1 ,C
N
g
BASE—q B Ve
N
T IE
EMITTER E

Figure 16 The semiconductor structure and circuit symbol of a typical power BJT

In contrast to the thyristor family of devices not discussed in this paper, the collector
current, I, of the BJT can be controlled continuously by the base current, I, as follows

(28) Ic = Plg

where g is the DC current gain of the transistor. This is more commonly known as a
current-controlled switch and requires additional circuitry to properly bias and operate.
In general, BJTs offer very low conduction losses, however, the disadvantages outweigh
the advantages by a considerable margin. The voltage-current characteristics of a typical
BJT are shown in Figure 17. It is important to note that in order for conduction losses to
be kept to a minimum, the base current in the on-state must be high enough for the
operating point to lie on, or close to, the hard saturation line associated with the lowest
voltage drop across the BJT, thus resulting in the lowest power loss. Also, the BJT
cannot block negative collector-emitter voltages. As such, if used in an AC-input
converter, such as an inverter, the BJT must be protected from reverse breakdown with a
diode connected in series with the collector. In addition, the BJT is susceptible to what is
known as a second breakdown. The second breakdown is different from the more
commonly known reverse avalanche breakdown (first breakdown) in that it occurs when
both the collector-emitter voltage and collector current are high, during turn-on or turn-
off states. Local hotspots appear in the semiconductor due to crystal faults, or doping
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Figure 17 Voltage-Current characteristics of a typical power BJT

fluctuations, and high power losses. Throughout operation time, the temperature of these
hotspots will rise ever higher and cause irreparable damage to the semiconductor.
Another disadvantage of the BJT is its low current gain. As a result, multiple transistors
must be used to provide a sufficient and usable current in power electronic converters. In
recent years, power BJTs have been losing their market share to insulated-gate bipolar-
transistors (IGBT), described later in the text. Voltage-controlled IGBTSs possess all the
advantages of BJTs, such as high current capability, without the weaknesses, such as
second breakdown or current-controlled switching.

The power MOSFET (metal-oxide semiconductor field-effect transistor), shown in Figure
18, is best known for its high switching speed and simpler control circuitry. Also,
MOSFETs have a negative temperature coefficient, which allows for paralleling
transistors for increased current-handling capability along with uniform current density
within the device, preventing second breakdown from occurring, as in BJTs. In addition,

28



DRAIN

OXIDE
D
METAL
\ ID
GATE —
|« ‘VDS
G —
S

SOURCE

Figure 18 The semiconductor structure and circuit symbol of a typical power MOSFET

the short turn-on and turn-off times of the MOSFET result in low switching losses, even
at the high switching frequencies used with MOSFETs. Similar to BJTs, MOSFETSs
cannot be exposed to negative drain-source voltages unless protected by a diode
connected in series with the transistor. The main drawback of MOSFETS, however, is
the inability to carry large currents. The characteristics of the MOSFET, as seen in
Figure 19, are strikingly similar to those of the BJT.

Ip

VGS= MAX

Constant ON
Resistance
Lines

OFF =
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Figure 19 Voltage-Current characteristics of a typical power MOSFET

29



However, it should be noted that there is no hard saturation line as is present in BJTs. So
the question arises, how can we incorporate the high current-handling capability of BJTs
at higher switching frequencies of MOSFETs without the drawbacks of either device?
The solution is the insulated gate bipolar transistor, shown in Figure 20.
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Figure 20 The equivalent circuit and circuit symbol of a typical IGBT

As can be seen, IGBTSs are hybrid semiconductor devices, combining the advantages of
MOSFET and BJT technologies. Like MOSFETSs, they are voltage controlled but have
lower conduction losses and higher voltage and current ratings. The voltage-current
characteristics of a typical IGBT are shown in Figure 21. There are generally two types
of IGBTSs, the asymmetrical and symmetrical type. The majority of IGBTs available on
the market are of the asymmetrical type, that is, they do not have reverse voltage
blocking capability. Symmetrical IGBTs can block reverse voltages as high as the rated
forward-blocked voltage. This is a great advantage of these devices provide, however, it
comes at the cost of slightly higher conduction losses when compared to their
asymmetrical counterpart.

The on-state voltage drop of IGBTs is comparable to BJTs but superior to power
MOSFETSs. Similar to MOSFETS, IGBTS are turned on by a gate-emitter voltage around
20 V and turned off by zero voltage. Also, IGBTs can be switched with frequencies
undetectable by the human ear (exceeding 20 kHz). Lastly, the maximum voltage and
current ratings currently available are 6.5 kV and 2.4 kA respectively. It is because of
these advantages that IGBTs are the preferred semiconductor power switch for use in
modern power electronics equipment, including utility interactive inverters.
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Figure 21 Voltage-Current characteristics of a typical IGBT

The Basic Inverter

We must now develop an understanding of waveform inversion and begin to apply it in
our pursuit of identifying the crucial operating requirements of the utility interactive
inverter. The concept of waveform inversion is rather elementary; given a particular
waveform as an input, modify that waveform into a signal that is appropriate for the load
in question. For our purposes, the load in question is the 60 Hz AC waveform of the
utility’s electrical supply and the input waveform that needs modifying is a DC signal
from a photovoltaic module. Let us begin with the most basic topology of a DC to AC
inverter circuit shown in Figure 22. This topology is better known as the H-Bridge, or

Jr P! o
DC <> a +LOAD - b

Figure 22 Fundamental inverter circuit using McMurray’s H-Bridge topology
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Full-bridge, inverter circuit first patented by William McMurray in 1965 for the General
Electric Company [9].

This simplified version of the H-bridge utilizes four (4) semiconductor switches (shown
here as mechanical switches for simplicity), two on each leg (diodes are placed across the
terminals of each switch to prevent a short circuit condition in the event that all switches
are in the closed position. Each end of the load is tied to one of the legs between two
switches. Let us assume that the load is purely resistive and that it requires an AC
waveform to operate. By closing switches SW1 and SW4 in Figure 22, a positive
voltage, at the value of the DC source, is created from point b to a, which results in a
current flowing through the load from point a to b. Now if we open switches SW1 and
SW4 and close switches SW2 and SW3, a positive voltage, at the value of the DC source,
is now created from point a to b, which causes the current to flow from point b to a. This
results in a negative voltage and current seen at the load. Both conditions are illustrated
in Figure 23.

|
} SW3 SW3
't
|
+
DC
T SW4 / SW4

a) b)
Figure 23 H-Bridge inverter a) positive current at load, b) negative current flow at load

By alternating this switching pattern every 0.00833 seconds, we will create an AC
waveform at the load with a frequency of 60 Hz, as seen in Figure 24. Although this
waveform is a square wave, it is nevertheless an AC waveform. Notice the absence of
the waveforms of switches SW2 and SW4 as they only provide a path to ground, thus
their respective voltages will be zero throughout the inversion process.

As discussed earlier, when dealing with waveform shaping, especially in utility
interactive inverter design, care must be taken to minimize the THD of the output
waveform. In the case of our basic inverter, the output we obtained was a square wave,
much too different from the sinusoidal waveform we see at the utility. Using Fourier
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analysis, it can be shown that a square wave is obtained through the summation of
harmonic components of a sine wave. By utilizing this knowledge along with equation
(25), let us calculate the % THD of the square wave we obtained from our basic inverter.

Voc T=2n=1/(60 HZ}H
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Figure 24 Voltage and Current waveforms of circuit in Figure 23

In Figure 24, we see that our output waveform has a fundamental frequency of 60 Hz.
We can calculate the RMS value of the voltage using equation (18) as follows
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(29) VRMS=\/TL v2dt=\/;j0 VDczdt=\/ DT[C fodt
Vpc
(29) cont. Vs = - = /VDCZ=VDC

The RMS value of the voltage waveform’s fundamental component can be found to be

4Vpe
2

(30) W=

By plugging in equations (29) and (30) into the second form of equation (25), we obtain

vz <4VDC)Z
VRMS2 - Vl2 be 77.'\/7
31 WTHD = — X 100 = x 100
V2
8 8
\/VDCZ (1-) w2 |(1-73)
%THD = X1 = X 1
% Ve 00 2 00
V2

%THD = 48.34%

As we can see from our result, and it is no surprise, that the total harmonic distortion in
our output waveform is significantly high. The same result will be obtained if solving for
the output current waveform i_oap. We must explore some different control techniques to
hopefully generate a waveform which has an acceptable level of distortion.

Inverter Control Schemes — Single Phase

To continue with our basic inverter, let us try and minimize the THD for this circuit. Let
us define a general square wave, as shown in Figure 25, with an arbitrary value, t;, which
directly affects the duty cycle of the inverter. The RMS value of this square wave can be
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Figure 25 General square wave function with duty cycle variable t;
found by using equation (32) below
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Taking into account that T = Zf and t; = %, and plugging into equation (32) we have

a
4(= ’n—Za
w
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The RMS value of the fundamental component of the square wave can be found using
equation (24) and the laws of symmetry applicable to the Fourier series, shown in
equation (22).

34) Vv, = %fnf(t) sin(hwt) d(wt)
0
= Efnsin(hwt) d(wt)
T Jo

24 n
= = (—cos(@!)[%¢=0)

4A
V= %cos(a) h=1,3,5..0dd,a = wt

To be able to use equation 34 in our attempt to minimize THD, we must obtain the RMS
value of the first fundamental as shown below

( ) - ( )
35 V cos(a
1,RMS ,—2

We can now plug in equations (33) and (35) into equation (25) and obtain a general
equation for the THD as shown below

2 2
\/VRMS - Vl,RMS

Vi rms
_|m(m = 2a) 1
| 8cos2(a)

Now that we have a generalized equation for the THD, an attempt to minimize it is rather
elementary and can be accomplished by setting its derivative to zero and obtaining

(36) THD, =

1
-2

(37) tan(a) = -
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Solving equation (37) for a, we obtain only one plausible solution of 0.45235 rad
(23.22°), which is supposed to give us the minimum value of THD for a square wave.
Plugging our result into equation (36) we obtain a %THD of 29.3%, an improvement of
40%. This method has significantly reduced the THD of the square wave, however, in
order for us to be able to utilize an inverter in a utility interactive environment, we must
limit our THD as much as possible. The important thing to note is to achieve, as much as
possible, a sinusoidal current waveform. A pulse width modulated control scheme has
shown to provide output waveforms close to sinusoidal form.

Pulse Width Modulation (PWM) is a very popular technique used in power electronics,
mainly due to the fact that the harmonics in the current waveform are kept low as
compared to other techniques, such as the square wave operation shown earlier. PWM
involves the use of two signals, a carrier signal which operates at a switching frequency
of f;, and a modulation signal operating at the desired output frequency f;. Usually a
triangular waveform is utilized as the carrier, and fs is usually in the range of a few
hundred Hz to 20 kHz, and maybe higher depending on the type of semiconductor
switches being used. The modulation, or control signal is a sine wave at 60 Hz in our
case. These are illustrated in Figure 26.

A Veontrol
Vearrier

1/fs

Figure 26 PWM with bipolar voltage switching, showing control and carrier signals
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To control the switches shown in the circuit of Figure 22, the control signal, Veontrol, 1S
compared to the carrier signal, vcarrier and the output of the comparison is the logic signal
applied to the semiconductor switches. The switching logic is as follows:

Vcontr0| > Vcarrier, SWl & SW4 are ON, SWZ & SW3 are OFF
Vcontr0| < Vcarrier, SWl & SW4 are OFF, SWZ & SW3 are ON

This results in the following voltage waveform at the load of Figure 22:

A Vioad, fundamental

Ve 1 11 1 []

L] \k
0
\__/’
Voc = S -
—>| la—

Vcontrol < Vearrier -

Vcontrol > Vearrier

Figure 27 Bipolar PWM voltage waveform at the load of circuit in Figure 22

Let us also define the following ratios for reference

)

control
(38) my, =
carrier

)

and
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where m, is the amplitude modulation ratio and m, is the frequency modulation ratio.

Veontror 1S the peak amplitude of the control (modulation) signal and V,g,,er is the
amplitude of the triangular carrier signal and is generally kept constant.

This type of PWM is termed bipolar switching because the voltage swing of the
waveform alternates from positive to negative, hence the word bipolar. Due to the fact
that the voltage change in a bipolar PWM switching scheme varies so drastically with
respect to time, the current on the DC side of the circuit develops significant ripples.
This can be mitigated, however, using a unipolar PWM switching scheme. The term
unipolar implies that the PWM control signal for each switching state does not alternate
in sign, however, switches from positive to zero and negative to zero, as shown in Figures
28 and 29.

A Veontrol

Vcarrier -V
control

‘l l“[‘ “‘
N v'”!

1/f;

Figure 28 PWM with unipolar switching, showing control and carrier signals
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The unipolar PWM switching scheme is accomplished by making an additional
comparison of the negative of the control signal to the carrier signal. Also, each pair of
switches is controlled independently, rather than just taking the complement of
comparison and feeding into the opposite set of switches. The control logic for operating
the switches are

Veontrol > Vearrier, SW1 ON & SW2 OFF
Veontrol < Vearrier, SW1 OFF & SW2 ON
(-Veontrot) > Vearrier, SW3 ON & SW4 OFF
(-Veontrot) < Vearrier, SW3 OFF & SW4 ON

By analyzing Figure 28, we can conclude that four possible states exist in unipolar PWM
switching. They are described by

Veontrol > Vearrier & (-Veontrol) > Vearrier, SW1 ON-SW2 OFF & SW3 ON-SW4 OFF
Veontrol < Vearrier & (-Veontrot) < Vearrier, SW1 OFF-SW2 ON & SW3 OFF-SW4 ON
Veontrol > Vearrier & (-Veontrot) < Vearrier, SW1 ON-SW2 OFF & SW3 OFF-SW4 ON
('Vcontrol) <Vcarrier & ('Vcontrol) > Vearrier, SW1 OF-SW2 ON & SW3 ON-SW4 OFF

and thus, the resultant voltage waveform seen at the load is illustrated in Figure 29.

One of the advantages of a unipolar switching scheme is the reduced ripple on the DC
side current as stated before. Another advantage is that the number of pulses generated
has doubled for the same switching frequency as used in bipolar switching. This, in
effect, is the same as doubling the sampling frequency of an AD converter, which
consequently results in a much more precise output waveform. As such, the output
current waveform will contain fewer harmonics.

Inverter Control Schemes — Three Phase

The inverter control methods described so far also apply in three phase inverter systems,
like the general one shown in Figure 30. Obviously more components are required in a
three phase inverter system, along with more control signals. If we wish to operate our
three phase inverter utilizing a square wave scheme, at least three control signals are
required (we are not taking into account the inversion of a signal to designate the
complement state, i.e. switch 2’s control signal is the complement of switch 1’s control
signal). In addition, the pulses for each leg must be timed so that phase difference
between each phase is 120°. Also, all switches operate at a duty ratio of 50%, which
means that at any instant of time, three switches are on. The voltage waveforms are
shown in Figure 31.
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Figure 29 Unipolar PWM voltage waveform at the load of circuit in Figure 22
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Figure 30 General 3-phase inverter circuit
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Figure 31 Three-phase square wave inverter voltage waveforms (Vgc and Vs not shown)

We can see that the operation is exactly the same as in the single phase inverter, with the
only difference being the additional switching leg. It should be noted that in the square
wave mode of operation, the inverter itself cannot control the magnitude of the output AC
voltages. Therefore, it is essential that the DC input be controlled in order to control the
output in magnitude.

From Fourier analysis, we calculate the following fundamental —frequency line-to-line
RMS voltage component of the output operating in square-wave mode to be

V34Vye V6
(40) VLL1 = EET = FVDC = 07797VDC
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The line-to-line output voltage waveform does not depend on the load and contains
harmonics (6n = 1; n = 1, 2, ...) whose amplitudes decrease inversely proportional to
their harmonic order shown by

0.7797
(41) VLLh = TVDC

where
h=6nt1(n=123,..)

In addition to the square wave control scheme, we can also implement a three-phase
PWM control scheme to better reduce the harmonics, as shown in Figure 32.

V .
carnier Veontrol, A Veontrol, B |V
’ 4 control, C

1R

Figure 32 Three-phase control and carrier waveforms for PWM

This is achieved much the same as it is implemented in a single phase system, however,
we utilize 3 sinusoidal control voltages that are 120° apart from one another to obtain a
balanced three phase output. This PWM scheme will be a unipolar switching scheme as
we are comparing three different control waveforms. As in the square wave mode of
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operation, we will need at least three control signals to operate the semiconductor
switches. The control and output waveforms are shown in Figure 33.
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Figure 33 Three-phase PWM inverter voltage waveforms (Vgc and Vca not shown)

The following logic applies when employing a three-phase PWM and was illustrated in
Figure 33:
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Veontrol, A= Vearrier, SW1 ON & SW2 OFF
Veontrol, A < Vcarrier, SW1 OFF & SW2 ON
Veontrol, B> Vearrier, SW3 ON & SW4 OFF
Veontrol, B < Vearrier, SW3 OFF & SW4 ON
Veontrol, ¢ > Vearrier, SW5 ON & SW6 OFF
Veontrol, C, < Vcarrier, SW5 OFF & SW6 ON

It should be noted that if m is chosen to be odd and a multiple of 3, the phase difference
between the m, harmonic in the three phases will be equivalent to zero, thus eliminating
line-to-line even and dominant harmonics. This applies to low values of m, (my < 21).
For large values of m, (my > 21), an asynchronous PWM should be employed where the

frequency of the triangular carrier signal is kept constant and the frequency of the control
signal varies, resulting in non-integer values of m,. However, subharmonics at zero or
close to zero frequency will cause large currents, and therefore, this method is not
recommended for loads such as AC motors. During over-modulation, (m, > 1.0),
regardless of the value of m, a synchronized PWM with m, designated to be a multiple
of 3 should be employed.

There are additional control schemes and strategies employed in the design of inverters;
however, for the purposes of this project, we will conclude the discussion here. The
reader may wish to research additional texts and technical documentation regarding
proposals of newer, more efficient control techniques. We will however, turn now to
some basic inverter topologies and concentrate on those more prevalent in utility
interactive, or grid-tied inverters.

Inverter Topologies

There are three main topologies used in utility interactive inverters: the low frequency
transformer topology, high frequency transformer topology and the transformerless
topology. There obviously exists variations on each of the topologies just listed,
however, we will only focus on these general topologies to provide an adequate
understanding of the operating characteristics of the utility interactive inverter. Most of
the inverter topologies used today are based on McMurray’s H-Bridge topology. Let us
begin with the low frequency transformer topology as shown in Figure 34.

As we can see from the figure, this topology’s name is derived from the fact that a low
frequency transformer (rated at the grid’s line frequency) is directly connected to the grid.
Two filters are placed in the circuit, one on the DC side and the other just after the
inversion process and ahead of the transformer. A DC boost stage without a transformer
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is utilized in this topology, if required [10]. The advantages of the low frequency
transformer topology are its robustness and electrical isolation from the grid. However,

due to the

PV Array Filter Boost without TX Filter  Full Bridge Inverter Filter Low Freq.TX Grid

»
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|

Figure 34 Low frequency transformer topology

fact that a low frequency transformer is being utilized, the overall weight of the inverter
is increased significantly along with its volume.

The next evolution in inverter topologies was the high frequency transformer topology
shown in Figure 35.
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Figure 35 High frequency transformer topology with boosting inverter
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This topology contains three stages of conversion. The first stage converts and boosts the
DC input from the photovoltaic source into a high frequency AC signal. This high
frequency AC signal is then fed into a high frequency transformer. The secondary of the
transformer serves as the input to a rectifier circuit which transforms the high frequency
AC back to DC. At this point, the signal undergoes a final inversion process, is filtered,
and fed into the grid. The low weight and small size of high frequency transformers
provides a great weight and size reduction compared to inverters using topologies with
low frequency transformers. As with the previous topology, electrical isolation is
achieved using the high frequency transformer. However, the drawbacks to this topology
are the reduced efficiency due to the high switching losses, the increased complexity of
the topology and, most importantly, an increased cost due to the higher number of parts
used.

The current trend in inverter topology design is the transformerless topology as shown in
Figure 36.

PV Array Filter Full Bridge Inverter  Filter Grid
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Figure 36  Transformerless inverter topology

The transformerless topology generally involves only two stages, a boost stage, followed
by the inversion stage and is similar to the inverter discussed earlier. The signal is then
filtered prior to being fed into the grid. This topology provides reduced size, reduced
cost, reduced weight and higher efficiency compared to the prior two topologies utilizing
transformers. However, the one major drawback is its lack of electrical isolation. Many
inverter manufacturers have already developed numerous inverter topologies based on the
transformerless model. Reference [10] outlines and discusses a variety of
implementations based on this type of topology.
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STANDARD FOR THE UTILITY INTERACTIVE PHOTOVOLTAIC INVERTER

Design Considerations in Accordance with IEEE 1547 —Standard for Interconnecting
Distributed Resources with Electric Power Systems

The general characteristics of the inverter and its operation have been explained. We are
now ready to discuss pertinent and practical topics related to utility interactive inverters
used in photovoltaic applications.

The Institute of Electrical and Electronics Engineers (IEEE) has written a standard that
deals with the presence of distributed systems, such as photovoltaic systems, in the
electrical power grid. IEEE 1547 outlines the minimum operating requirements of an
inverter to ensure safety amongst the public and utility workers. Underwriters
Laboratories (UL) has adopted this standard and harmonized it with its own respective
standard to ensure electrical safety. It is essential that engineers, who design inverters for
utility interactive applications, comply with these requirements. Keep in mind that the
IEEE standard is relevant in the United States and other standards exist for different
locales, such as Europe and Asia, however, we will be concentrating solely on the IEEE
standard requirements in the upcoming analysis.

IEEE 1547 requires that certain conditions be met during the operation of a utility
interactive, or grid-tied, inverter. These conditions have been set to ensure the safety of
utility workers and the public alike. The first major requirement in our discussion is in
regard to the voltage output of the inverter and its deviation from the utility supplied
voltage. The inverter must disconnect from the utility line within certain prescribed time
intervals in the event that the output voltage of the inverter deviates from the utility
supply by a certain percentage. This requirement is outline in Table 4,

Voltage Range (%) Disconnection Time (s)
V<50 0.16
50<Vv<88 2.00
110 <V <120 1.00
V>120 0.16

Table 4 |IEEE 1547 Disconnection Requirements for Voltage Deviation

It can be seen that the safe operating range is 88 < V < 110, and during extreme
deviations (V < 50, V > 120) the inverter must disconnect within 10 cycles of operation (T
= 1/f = 1/60 Hz = 0.0167). To comply with this requirement, voltage sensing must be
employed within the inverter control scheme to detect these variations and disconnect
itself from the utility if needed.
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The other major requirement is frequency deviations in the inverter’s output signal. A
major difference between the inverter frequency and that of the utility will cause havoc
among protective devices in the utility and subject loads to unwanted frequencies that can
cause permanent damage. The frequency deviation requirement is summarized in Table
5.

Frequency Range (Hz) Disconnection Time (s)

f<59.3orf>60.5 0.16

Table 5 |EEE 1547 Disconnection Requirement for Frequency Deviation

The standard allows for the adjustment of the lower limit of the frequency provided that
the nominal power of the system is less than 30 kW. Again we see a disconnection
requirement of 10 cycles.

The next requirement involves minimization of DC current injection into the grid and
applies mainly to the transformerless inverter since conventional inverter systems utilize
transformers, providing galvanic isolation and thus minimizing the injected DC current.
DC current fed into the utility can saturate distribution transformers, which leads to
overheating and tripping of the overcurrent protection devices. The standard requires that
the DC current component in the output of the inverter must be less than 0.5% of the
rated RMS output current. This should be done using harmonic analysis via Fast Fourier
Transform (FFT) to measure the DC component of the current. It should also be noted
that the standard does not explicitly state a maximum trip time condition.

Another important requirement of IEEE 1547 is the minimization of current harmonics.
Low distortion levels ensure that no adverse effects are caused to other equipment
connected to the utility system. Table 6 summarizes the maximum allowable current
harmonics in the output of an inverter.

Individual Total
harmonic |\ 41 | 91<h<17|17<h<23|23<h<35| 35<p | Harmonic
order Distortion
(odd) (THD)
% 4.0 2.0 15 0.6 0.3 5.0
Table 6 |EEE 1547 Maximum Allowable Current Harmonics

The most technically challenging requirement set forth by IEEE 1547 is what is called the
Anti-Islanding requirement. Islanding, in terms of grid connected photovoltaic systems,
takes place when the inverter fails to disconnect from the grid within a period of time
after the grid has tripped. For example, if a local distribution transformer is overloaded,
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and the pole top fuses blow, the grid is now disconnected from the homes connected to
that transformer. If one of those connected houses utilizes a photovoltaic system and it
fails to disconnect from the grid, it would be generating a voltage at the open conductors.
Utility line workers sent to repair the problem will not know a voltage is present at those
conductors and it will pose a serious safety hazard. Also, in the event that the protective
devices are closed, an out of phase source from the inverter will cause damage to the line,
the associated equipment and may injure the utility line workers. As such, in order to
avoid these serious consequences, IEEE 1547 requires that an inverter involved in an
islanding scenario disconnect from the grid within 2 seconds.

A testing condition is required by IEEE 1547 as is shown in Figure 37.

$3
O o/o
3
(0] 0]
\> S1 \ 52
Simulated Area 4
Electrical Power R L Cc — Inverter
System
\
O

Figure 37 IEEE 1547 Anti-islanding test setup

The test conditions require that an adjustable RLC load be connected in parallel between
the inverter and grid. The resonant LC circuit should be adjusted to resonate at the rated
grid frequency f and to have a quality factor of Qr = 1, or in other words, the reactive
power generated by C should equal the reactive power absorbed by L and should equal
the power dissipated in R at the nominal power P and rated grid voltage V. As such, the
values for the local RLC load shown in Figure 37 can be calculated as
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42 R—VZL— v c= LY
(42) - P’ 2mfPQs T 2mfV?

The parameters in (42) should be fine-tuned until the grid current through S3 is lower
than 2% of the rated value in steady-state. In this condition, S3 should open, and the time
it takes for it to open should be measured and required to be less than 2 seconds. In
three-phase inverters (grounded neutral Y), each phase should be tested with respect to
the neutral conductor individually. For three-wire three-phase systems (ungrounded
Delta), the RLC load should be connected between the phases.

IEEE 1547 also outlines a requirement for reconnection, in the event that one of the
previously mentioned requirements caused the inverter to disconnect from the utility.
This requirement states that an inverter cannot reconnect to the grid unless the voltage V
is in the range of 88 <V < 110 (%) of the rated grid voltage and the frequency f is in the
range 59.3 < f < 60.5 (Hz) of the rated grid frequency. This ensures the safety of utility
personnel and the public from dangerous reconnection scenarios.

These requirements must be accounted for during the inverter design process. We will

discuss the methodology in designing for and dealing with these very important
requirements in the following sections.
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UTILITY SYNCHRONIZATION FOR SINGLE PHASE INVERTERS

Introduction

Utility synchronization is an essential aspect of all utility interactive inverters.
Synchronization ensures that the inverter output works in unison with the utility power
and mitigates the passage of harmful harmonics and DC components into the grid. Due
to the unpredictable nature of utility power (i.e. faults, constantly changing loads, etc.),
the inverter must be able to monitor and respond to any changes in the utility variables at
a very fast speed. Several synchronization methods will be discussed, from the use of the
impractical Fourier based adaptive filters to the more robust, practical and accurate
phase-locked and frequency-locked loop methods.

The Fourier Adaptive Filter

To begin this discussion on the Fourier adaptive filter, let us recall equations (21), (22),
(23) and (24) and only rewrite the integration limits and terms in equations (23) and (24)
for a more general description.

(00 1 [ee]
(21) f@) =Fy+ ) frn(t) ==zay+ ) {a,cos(hwt) + bysin(hwt)}
0 th h 5 %o th h h

(22) F,= 1a = ifznf(t)d(a)t) = lfo(t)dt
7270 2m), T,
B 1 T B 1 s
43) ap = ZTfO f(t) cos(hwt) dt = ;er(e) cos(h@) d(0)

1T . 1" .
(44) by, = 27-];) f(t) sin(hwt) dt = ;er(e) sin(h8) d(0)

By analyzing the equations above, we can see that they can be used to implement a
selective band-pass filter by multiplying an input signal, v, by the sine and cosine basic
functions at the desired frequency. Assuming the utility frequency is a constant and well
known magnitude, the order of the harmonic to be extracted at the output of this proposed
band-pass filter, v’, is selected by setting the value of the parameter h. This proposed
adaptive band-pass filter is illustrated in Figure 38.
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Figure 38 Adaptive filter based on Fourier series decomposition

As we can see, the mean value of the signals resulting from multiplying v by the sine and
cosine functions is obtained by using a low-pass filter (LPF). The cut-off frequency of
this LPF is a function of the lowest frequency component of the input signal, which under
normal operating conditions, matches the fundamental frequency component w, (f = 60
Hz). Sufficed to say, w; is the variable of interest when designing inverter control
systems for utility synchronization, and thus, we shall set h = 1 in the sine and cosine
functions of filter shown in Figure 38. As a result, the lowest frequency component at the
input of the LPF will be at 2w, (f = 120 Hz). This implies that the cut-off frequency of
the LPF should be at least one decade lower than 2w, at 12 Hz, which denotes a very
slow dynamic response of the system. In addition, this cut-off frequency should be even
lower if either subharmonics or DC components are present in the input signal, which
could very well be the case in utility sources. Also, this method of synchronization
would be impractical due to the fact that in a real world situation, we cannot assume that
the utility frequency is a constant and well known magnitude.

Let us define equations (43) and (44) in terms of Euler’s identities of the sine and cosine
functions shown as

ejhwt + e—jhwt

2

(45) cos(hwt) =

ejhwt _ e—jhwt

(46) sin(hwt) = 2]

By plugging in equations (45) and (46) into equations (43) and (44), and rearranging the
resulting range of the summations, we end up with the compact complex form of the
Fourier series as shown below in equation (47), in which both positive and negative
frequencies are considered.
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(47) f(t) =a, +Zc e’h“’t+2c g~ Jhwt

— Z ejhwt_l_ Z e]hwt

h=-1

oo
— Z o e]hwt

where

1 1 (T .
@8) =5 lan—jb) =7 | FOe

Equation (47) provides a great introduction to the concept of the Discrete Fourier
Transform and its use in utility synchronization.

The Discrete Fourier Adaptive Filter

To introduce the concept of the discrete Fourier transform, let us consider a pulse
function which repeats every time period T and defined by the following expressions.
These “train” of pulses will be processed using equation (48).

V(1)
1/z
T
(0, -T<t<-=
2
T
(49) v(H)<1/7 —5St<y
-t/2 0 /2 T
0, -<t<T
2
T
T

The complex coefficients of the Fourier series of the above waveform are calculated by
solving the integral in equation 48. If we gradually made the period T longer while
keeping the pulse duration, t, constant, we can see that the complex coefficients
calculated by equation 48 become smaller each time since the integral is being divided by
T. In fact, as T approaches infinity, the signal v(t) becomes aperiodic and all the
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coefficients calculated by equation (48) are equal to zero. Since the signal is now
aperiodic, we can apply the principal of time/frequency duality by removing the period T
in equation (48) and rewriting equation (47) as follows:

60 V()= Frel=[ voer

Equation 50 is known as the Fourier transform, which transforms a function in the time
domain, periodic or aperiodic, into its dual in the frequency domain, provided that the
integral exists. However, equation (50) must be able to be utilized by a digital signal
processor; therefore, the integral in equation is calculated by a summation of a finite
number of equally spaced samples in time. This is defined as

(51) v[k] = v(©)8(t —kT,) with k=0,1,..,N—1

where 6(x) is the unit impulse function, T is the sampling period and N is the number of
samples to be processed. The product NTs provides the duration of the repetition pattern
of the input signal and usually matches T, the period of the fundamental frequency
component. Therefore, from equations (50) and (51) we can a define the discrete Fourier
Transform (DFT) as

N-1

(52) V[n v[k 2 ith n=0,1,...,N—1
k=0

We can also define the inverse discrete Fourier Transform (IDFT) as

N-
Z ]27T—k

As we can see by equation (52), the DFT algorithm requires N* complex multiplications
and N” — N complex additions. The calculation of the DFT algorithm for each sampling
period is a great burden on the inverter’s digital controller, despite the fact that only a
single frequency component of the utility voltage is computed. As such, a recursive
formulation of the DFT is usually used to reduce the computational burden on the
microcontroller.

Zlf—*

(53) vlk]

In the recursive algorithm, the nth frequency component of the input signal at the [ks]
instant is calculated from the value of the input signal at the [ks] instant and the value of
the nth frequency component at the [ks-1] instant. To better explain this process, the DFT

55



algorithm is computed at the [ks-1] and [ks] instants in order to extract the nth harmonic
of the input signal:

ks—1

.k

G Vinll, = ) vlkle /"
k=ks—N
ks

.k

G5 Vinllg= ). vikle "
k=ks—N+1

Subtracting equation (54) from (55) gives

ks—N

K ,
(56) V[n]lks = V[n]lks—1 + U[ks]e_jznﬁsn — v[ks — N]e—]ZTE TR

ks N, _j2rSn
Since e N "= J°"N" the recursive discrete Fourier Transform (RDFT)

algorithm can be formulated as

—j2m

7)) Vnllk, = VInllk,_, + Wlks] — vlks — N])e 2mRn

Keep in mind that the discrete Fourier transforms presented so far are based on the
complex form of the Fourier series shown by equation (47), which includes positive and
negative frequencies. Taking into account that the complex values resulting from the
Fourier transform are symmetric with respect to the zero frequency with half the
amplitude of the corresponding nth harmonic, such an nth harmonic can be reconstructed
in the time domain by

(58) wvl[k] = %V[n]ejzn%k

As a result, the RDFT algorithm can be implemented in a discrete adaptive band-pass
filter to extract the nth frequency component of the input signal, as shown in Figure 39.

However, please be aware that as in all discrete Fourier analysis, RDFT gives rise to
errors in amplitude and phase-angle estimation when NTs does not match the fundamental
frequency input signal. This inherent problem is one of the reasons why Fourier
techniques are not the best choice in utility synchronization systems.
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Figure 39 Discrete adaptive filter based on the RDFT

The Basic Phase-Locked Loop

A phase-locked loop (PLL) is a closed-loop system in which an internal oscillator is
controlled to keep the time of some external periodic signal by using a feedback loop.
PLLs can generate stable frequencies synchronized with external periodic events, recover
signals from distorted sources or distribute clock-timing pulses in complex control
systems. It is for these reasons that PLLs are so popular in utility interactive inverter
systems. Additionally, the PLL provides continuous information about the phase angle
and amplitude of the utility voltage, which allows space vector based controllers and
modulators to be implemented, even if the signals are single-phase.

The basic structure of an elementary PLL consists of three fundamental blocks: the phase
detector, the loop filter and the voltage-controlled oscillator, as can be seen in Figure 40.

y——> Epd Vi
Phase p Loop If Voltage

) Controlled v’
Detector Filter Oscillator T

Figure 40 Basic structure of a PLL

) 4

The phase detector (PD) generates an output signal proportional to the phase difference
between the input signal, v, and the signal generated by the internal oscillator of the PLL,
v’.  Depending on the type of PD being employed, high-frequency AC components

appear together with the DC phase-angle difference signal.
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The loop filter (LF) attenuates the high-frequency AC components from the PD output by
means of a low-pass filter characteristic. As such, this block is typically constituted by a
first-order low pass filter or a proportional-integral (P1) controller.

The last block in the PLL is the voltage-controlled oscillator (VCO) which generates an
AC signal whose frequency is shifted with respect to a given central frequency, w., as a
function of the input voltage provided by the LF.

The implementation of these blocks is not rigid, and therefore different techniques can be
utilized to design and build a PLL. The reader may wish to consult reference [11] if

further, more detailed information regarding the PLL is required.

Figure 41 illustrates the block diagram of an elementary PLL.

PD LF VCO
Y 6}» Cod ko + ki | Y w O cos() e
A wc J

Figure 41 Block diagram of an elementary PLL

As we can see in the figure, the PD is implemented by means of a simple multiplier, the
LF by means of a simple PI controller and the VCO consists of a sinusoidal function
supplied by a linear integrator.
If the input signal applied to this system is given by

(59) v =Vsin(8) = Vsin(wt + ¢)
and the signal generated by the VSO is given by

(60) v’ =cos(8") = cos(w't + ¢")

The phase error signal from the PD output can be written as

(61) &pq = Vkygsin(wt + @) cos(w't + ¢')

o0t [sin((@ — @)t + (p — 9) + sin((@ + )t + (p + )
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where sin((w —w)t+ (o — <p’)) is the low frequency term and sin((w + w')t +
(@ + ")) is the high frequency term. Since the high frequency components of the PD
error signal will be cancelled out by the LF, only the low frequency term will remain in
equation (61). Thus, the PD error signal will be defined as follows

= Vkpd . ’ /
(62)  &pa = —L2sin((w — @)t + (g = ")

If it is assumed that the VCO is well tuned to the input frequency (i.e. w = w'), the DC
term of the phase error signal is given by

_ Vkpd . I}
(63) &pa = > sin(p — @)

We can see in equation (63) that the multiplier PD produces nonlinear phase detection
due to the sinusoidal function. However, in the event that the phase error is very small
(i.e. @ = @), the output of the multiplier PD can be linearized in the vicinity of such an
operating point since sin(¢ — ¢") = sin(6 —0') = (8 —6"). Thus, once the PLL is
locked, a relevant term of the phase error can be given by

Vi
2

(64) &pa =—22(6-6")

By applying Laplace transform to the previous equations, we can translate them into the
complex frequency domain, where the analysis will be much simpler. If we consider that
kya = kyco = 1 in Figure 41, then the following equations for the pertinent signals of the
PLL will be obtained through Laplace transform:

65) Epa(s) = 2(6(s) ~6'(s))

B 1
(66) Vig(s) = kep (1+ 7= Epa(®)

T;s
1
(67) 0'(s) = EVlf(s)

Equations (65), (66) and (67) represent the outputs, in the complex frequency domain, of
the PD, LF and VCO respectively. As a result, we can represent the elementary PLL in
the complex frequency domain in block diagram from as shown in Figure 42.
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Figure 42 Small signal model of an elementary PLL

Furthermore, we can develop the following transfer functions of this closed loop system
as shown by the following (assuming : k,; = kyco, = 1,V = 1)
Open Loop Transfer Function:

k
kys + Tz-)
(68) F,.(s) =PD(s)-LF(s)-VCO(s) = S—zl
Closed Loop Transfer Function:
kp
0'(s)  LF(s) kps + -
09) Hol) =G0 s+ IFG) ~ k
52 + kps + 7
i
Closed Loop Error Transfer Function:
E,q(s) s s?
(70) Eo(s) = ——==1—Hy(s) = -
k
O(s) s+ LF(s) 52+kps+%
l

The transfer functions (68) — (70) shows that the PLL is a 2" order system with two poles
located at the origin. This means that the PLL is able to track even a constant slope ramp
in the input phase angle without any steady-state error. The transfer function of (69)
indicates that the PLL exhibits a low pass filtering characteristic in the detection of the
input phase angle, which attenuates the detection error caused by noise and higher order
harmonics in the input. Transfer functions (69) and (70) can be written in the normalized
general normalized form as follows:

2{w,s + w?
s%2 4+ 2{w,s + w2

(71) Ho(s) =
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72) E =
(72)  Eo(s) s% 4+ 2{w,s + w3

where

The following approximated expression is proposed in reference [12] for estimating the
settling time, ts, measured from the start time to the time in which the system stays within
1% of the steady state response of a particular second order system responding to a step
input:

73) te=4.6t with 7=—
(73) & o

The approximation in (73) can also be used to obtain a rough estimate of the settling time
of a system defined by (71), and hence the tuning parameters of the PI controller of the
PLL of Figure 41 can be set as a function of the settling as follows:

9.2 20 t,2
740) k=200, =2 T, =2_
(74) ey = 2¢wn t.’ L w, 23

Keep in mind that the expression in (74) are obtained under the assumption of a unitary
input signal (V = 1). For any non-unitary input signal, the expressions for setting the
tuning parameters of the PI controller should be divided by the amplitude of the input
signal V. Also, (73) should only be used as a guide and the final system should be
checked to verify compliance with specifications.

We can also define the bandwidth of our PLL system to be

(75) w_345 = wnJl +202+(1+20)2+1

However, it can be shown through simulations that the results of these equations and the
response of the PLL differ greatly. This is due to the fact that we made an assumption
that the frequency of the input signal is much higher than the bandwidth of the PLL.
Therefore, we neglected the high frequency term of the phase error signal provided by the
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PD. The issue here is that in a grid connected application, such as a utility interactive
inverter, the utility frequency is very close to the cut-off frequency of the PLL. As such,
the assumption of high frequency cancellation can no longer be accepted and a new PD
must be used when designing a PLL for utility interactive applications.

In-Quadrature Phase Detection

One such PD that can be designed for utility interactive applications is based on a set of
in-quadrature signals, that is, signals that are out of phase from one another by 90° (1/2).
At the heart of the PD would be a quadrature signal generator (QSG), such as the one
shown in Figure 43.

V sin(wt + @) N
% €050 Jr
PD
LF vco
Quadrature ¥ e 1 v, "1 ,
. Signal C\ rd k, (1 + _) if o w |1 0
V sin(wt + @) ‘ Generator T;s " s
@
+ Z Vi sin(kwt + @)
k
() sin
—V cos(wt + ¢) \;O
~

Figure 43 Diagram of a PLL with an in-quadrature PD
An ideal QSG is assumed to be able to extract a clean set of in-quadrature signals without

introducing any delay at any frequency from a given distorted input signal. The phase
angle error signal resulting from this ideal in-quadrature PD is given by

(76)  &pq = Vsin(wt + @) cos(w't + ¢') — V cos(wt + @) sin(w't + ¢")
= Vsin((w — 0Dt + (¢ — ¢")) =V sin(6 — 0")
Based on (76), when the PLL is well synchronized (i.e. w = w"), the in-quadrature PD
does not generate any steady state oscillatory term, thereby increasing the PLL bandwidth
and overcoming cut-off frequency issue stated earlier.
Analysis of (76) reveals that it is a part of the Park transformation, which is defined in

[13]. As such, the diagram illustrated in Figure 43 can be redrawn in Figure 44, where
the o to dq transformation block corresponds to the following transformation matrix:
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(@) sin(8)][Va
(77) [ZZ] = [—Cg;(e') (S:g;(e’)] [zﬁ

PD LF FPG

sl oy [ 1o Lol
o /R L () | P OR T

T;s

Quadrature
Signal
Generator | U Yq

Figure 44 PD based on the quadrature signal generator and the Park transformation

We can see the VCO used earlier has been replaced by a new block called the
frequency/phase-angle generator (FPG). This has been done to provide the phase-angle
for the sinusoidal functions of the Park transformation, making it a sort of synchronous
phase detector.

If the input voltage of the PLL is given by
(78) v =Vsin(@) = Vsin(wt + @)

then the output signals from the quadrature signal generator can be expressed by the
following vector:

(%) Vg = uy| =V [fii,‘i?é)

Consequently, by substituting (79) into (77), the output of the PD of Figure 44 is given by
the voltage vector of the following equation, which will be free of oscillations if the PLL
is well tuned to the input frequency.

v in(6 — ¢’
80) Vg = |u| =V [_Ségg(e - 9)’)

The use of a QSG in the PLL of Figure 44 allows a vector approach to be adopted when
dealing with single phase systems. In Figure 45, the QSG output signals of (79) are
represented on an orthogonal and stationary reference frame defined by the of axes,
which gives rise to the virtual input vector ¥. Likewise, the output signals of the Park
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transformation are represented by the projections of the voltage vector ¥ on an orthogonal
and rotating reference frame defined by the dq axes. If the input voltage is defined by
v, = V sin(@), it can be understood as the projection of the input voltage on the
stationary o axis. On the other hand, the angular position of the dq rotating reference
frame, @', is given by the PLL. When the PLL is well tuned to the input frequency (i.e.
w = '), the virtual input vector and dq reference frame have the same angular speed.

Figure 45 Vector representation of the QSG output signals

Furthermore, when the PLL is perfectly locked, one of the axes of the dq reference frame
will overlap the virtual input vector. As seen in Figure 44, the PI regulator of the LF will
set the angular position of the dq reference frame to make v; = 0 in the steady state,
which means that the virtual input vector will rotate orthogonally to the d axis. In the
case where the Pl regulator is connected to the v, output of the PD, as shown in Figure
46, the virtual input vector will rotate, overlapping the d axis of the dq reference frame in
the steady state. In such a case, the v, signal will provide the amplitude of the input
voltage vector and phase angle detected by the PLL will be in phase with the virtual input
vector, which means that the detected phase angle will be 90° lagging with respect to the
sinusoidal input voltage (i.e. 8' = 0 — /2).
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Figure 46 PLL with the LF on the q axis of the QSG

This analysis of the in-quadrature signals has shed some light as to the importance of
QSG in the design of an accurate PLL synchronized with the single phase utility supply.
Let us now realize some techniques so as to develop a sound QSG to achieve in-
quadrature signals.

T/4 Transport Delay PLL

The T/4 transport delay technique (Figure 47), with T being the fundamental grid
frequency period, is probably the easiest way to implement a QSG. The transport delay
block can be effortlessly programmed through the use of a first-in-first-out (FIFO) buffer,
whose size is set to one-fourth of the number of samples contained in one cycle of the
fundamental frequency. The QSG based on the T/4 transport delay buffer works will if
the input voltage is a purely sinusoidal waveform at the rated utility frequency. If the
grid voltage frequency changes with respect to its rated value, the output signals of the
QSG will not be perfectly orthogonal, which will give rise to errors in the PLL
synchronization.

PD

ap va vl g FPG

L Delay | Y8 J v

1 Vr 1 6
/4 dq ek (145) L~ T
L

4

Figure 47 PLL based on a T/4 transport delay
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This QSG technique does not provide any filtering capability, so if the single phase input
voltage is tainted with harmonic components, they will act as a perturbation for the PLL.
Additionally, the orthogonal signals generated by the QSG based on a T/4 transport delay
block will not actually be in-quadrature, since each of the frequency components of the
input signal had to be delayed by one-fourth of its fundamental period.

It is clearly evident that the rudimentary T/4 transport delay PLL will not suffice as an
adequate synchronization method for utility interactive inverters.

Adaptive Filtering PLL — Enhanced PLL

An adaptive filter (AF) is a filter that has the ability to adjust its own parameters
automatically according to an optimization algorithm, and their design requires little or
no prior knowledge of the signal to be filtered. A basic diagram describing the adaptive
noise cancelling (ANC) concept is shown in Figure 48.

/ 1
X Adaptive | p

Filter

Figure 48 Adaptive noise cancelling (ANC) system

The signal to be filtered is applied to the input v. This input signal consists of a primary
signal s plus a noise no uncorrelated to the signal s. An auxiliary reference signal n;,
correlated to the noise signal no, is applied to the input x. The reference signal n; is
adaptively filtered to produce an output signal v’ that is as close a replica as possible of
no. This output signal is subtracted from the primary input to produce the output signal e.
As a result, the primary noise is eliminated by cancellation. When the ANC technique is
used to cancel out specific frequency components of the input signal, this filtering
concept is also called adaptive notch filtering (ANF) [14].

In the digital implementation of an ANC filter, the reference signal x is sampled at a
proper sampling period Ts and stored in an N-length buffer to generate the reference
vector x. Thus, at the kth sample, i.e. at the time t = kTs, the reference vector is given by
X = [Xg, Xg—1, -, Xk—n]- The elements of the x; vector are weighted and summed to
give the adaptive filter output v,,. The most extended adaptation algorithm used to set the
weights of the adaptive filter, wy = [wy, Wi_q, ..., Wi_n], 1S the least-mean-squares
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(LMS) algorithm. A simple version of the LMS algorithm at the time k can be given by
the following equations:

(81) i =wi - x;
(82) ex=vp—y
(83) Wiy =Wy + aepxy

The LMS algorithm is an iterative gradient-descent algorithm that uses an estimate of the
gradient on the mean-square error surface to seek the optimum weight vector at the
minimum mean-square error point. The term e, x,, represents the estimate of the negative
gradient and the adaptation gain a determines the step size taken at each iteration along
that estimated negative-gradient direction. A simple LMS algorithm is illustrated in
Figure 49 with only one weight, N = 1. It is interesting to note the forward Euler discrete
integrator S(z) built into the algorithm.

T
S(2) = kine ZTS

1
%
k0 €k €k,
Vk ¥
Wy 1 1 Wk+1 Q 4 Q
V4 -
Forward Euler Integrator
Xk

Figure 49 A simple least mean square algorithm with one weight

This ANC can be applied to the conventional single phase PLL described earlier, so as to
enhance the performance of the multiplier PD. In this application, the ANC works as an
ANF in which the grid voltage signal is applied to the input v and a unitary sinusoidal
signal, provided by the VCO of the PLL, is applied to the input x as a reference signal.
This is better known as the Enhanced PLL (EPLL) and is shown in Figure 50.
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Figure 50 Enhanced PLL (EPLL)

In the EPLL, the output of the ANF becomes zero as the frequency and phase angle of the
reference signal generated by the VCO, x = cos(6"), match those of the input signal v.
Thus, signal oscillations at the output of the multiplier PD are completely cancelled out
and the input signal phase angle is properly detected by the conventional PLL. However,
there will exist a 90° phase shift between 6 and 6’ in the steady state due to the effect of
the multiplier PD.

Second-Order Adaptive Filtering PLL

An important piece of information that we can take from the previous section is that if a
single-frequency sinusoidal signal v is applied to the input of the ANC in Figure 49, the
output error signal ¢ is equal to zero (at steady state), if and only if the both the frequency
and the phase angle of the sinusoidal input match those of the sinusoidal reference signal
X. We would, however, like to have the output error signal ¢ equal zero when just the
frequency of v and x are equal, independent of their phase angles.

This can be accomplished by adding another stage of adaptive weights to the diagram in
Figure 49, and thus turning it into a second order adaptive filter. This filter utilizes two
sinusoidal reference signals at the frequency o and shifted by 90° as inputs to the
adaptive algorithm. The discrete form of this second order AF can be seen in Figure 51
and the continuous time domain form in Figure 52.

Let us turn our attention to the diagram in Figure 52 so that we may extract its transfer
function. Defining g = ke, the v, and v, signals of Figure 52 can be expressed as

I .
(84) vd = g COS((J)’t) = Eg[e](v t + e—jwtt]
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Figure 51 Discrete form of second order ANF with LMS algorithm

Figure 52 Second order adaptive filter in the continuous time domain

I .
(84) vd = g COS((J)’t) = Eg[e](v t + e—jwtt]

1 N .
(85) v, = gsin(w't) = —gle/®'t — e~jw't
q g ]2

The variables, A; and A, corresponding to the output of the integrators for v, and v,
can be expressed in the frequency domain as

1 1
(88) Aa(s) = <a(s) = 5= [9(s +J't) + g(s = jo'®)]
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1 1
(B7)  Ag(s) =5 u(s) = 5195 + jo't) = gls = jo'D)]
In the same manner, we can obtain the Laplace transforms for v; and v, as follows

, 1 , ,
(88) wu(s) = E[Ad(s +jwt)+ Ay(s — jw t)]

[g(s) + g(s + 2jw")] + 2 [g(s) + g(s — 2jw")]

1
- 4(s+jw") (s—jw")

1
89) q(s) = ]—2 [Aq(s +jw't) —Ay(s —jw’t)]

1

=G [g(s) —g(s — 2jw")]

[g(s) —g(s + 2jw")] + 26 —jo)

Lastly, by adding (88) and (89), we obtain the output of the AF, v’, as follows:
! 14 — S
(90) v'(s) = vg(s) + vy(s) = mg(s)
As such, the transfer function of the AF is given by

v’ s
(91) AF(s) = k_ev(s) = o’

Thus, the response of the system is defined by two second-order transfer functions, one
being an adaptive band-pass filter (ABPF) and the other an adaptive notch filter (ANF),
as shown below:

AF(s) ks
1+AF(s) s2+ks+ w'?

(92) ABPF(s) = %,(s) =

s% 4+ w?

&y
93) ANF =— =1-—ABPF =
(93) (s v (s) ) s2 + ks + w'?

The band-pass characteristic of this adaptive filter implies that we can extract a particular
component at a frequency of interest, w’, even if the input is affected by harmonics and
distortion. Moreover, by adding a scaled integrator at the output of the filter, we are able
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to use it as a quadrature signal generator as shown in Figure 53. In fact, since v’ and qv’
are 90° shifted, we can apply this adaptive filter to the input of any phase detector based
on QSG and thereby improve the performance of the conventional single phase PLL.

qu

V—»

Figure 53 QSG based on a second order AF

Second-Order Generalized Integrator PLL

/ \ !
v &y ke, $©+ f v
GI
qv; @47 f -
—
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W

Figure 54 Second order AF based on general integrator (Gl)

The generalized integrator (GI) can be defined as the transfer function shown in (91)
multiplied by 2. However, the model shown in Figure 52 is not the only way implement
a Gl. For example, Figure 54 shows a second order AF based on a very efficient
implementation of the GI. The characteristic transfer functions of the AF of Figure 54
are calculated to be

v

(94) GI(s) = P (s) = 12
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) D& =2 () =

s2+ ks + w'?

! [2

qv kw
96 ) =—(0)=—
96) Q) =) = 5

We can clearly see that the transfer function of (94) is identical to that of (91). However,
the model illustrated in Figure 54 is much simpler than that described by Figure 52. First
of all, the use of sinusoidal functions in Figure 52 requires large lookup tables that
increase computation time and introduce additional quantization noise into the discrete
system. More importantly, by analyzing (92) and (93), we see that the bandwidth of the
band-pass filter and the static gain of the low-pass filter are not only a function of the
gain k, but also of the center frequency of the filter, w’. This poses a huge dilemma if
designing for variable-frequency systems, such as in PLL design.

e N,
v &y ke, $@> f v
SOGI
qu-= X [ =
A
N : J
a)l

Figure 55 Second order adaptive filter based on a Second Order Generalized Integrator (SOGI-QSG)

A novel solution to this problem is the second-order generalized integrator (SOGI) shown
by Figure 55. The characteristic functions of the SOGI can be found to be

w's

cc

kw's
s2 +kw's + w'?

(98) D) =—(s) =
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kow'?

s2+kw's +w'?

qv’
(99) Q) =—-(s)=

We can see from (98) and (99) that the bandwidth of the SOGI filter is not a function of
the center frequency but only depends on the gain k, which obviously makes it very
suitable in variable-frequency applications. Also, the amplitudes of the in-quadrature
signals, v’ and gv’, match the amplitude of the input signal v when the center frequency
of the filter w', matches the input frequency, w. This proves to be a very suitable method
for QSG, and as such, we can utilize this in conjunction with a Park Transform discussed
earlier, and create a very robust and practical phase detector (PD) as part of a complete
SOGI-based PLL (SOGI-PLL) shown in Figure 56. It can be shown that this
implementation significantly improves phase angle detection in a conventional PLL [15].
Our goal, however, is to develop a system in which the algorithm responds well to both
amplitude and frequency changes. This is shown through the SOGI frequency-locked
loop.

Park
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| o /Hrd g = (141 ol @ 1] e
a »=(1+75) banby
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SOGI-QSG \
\—%8,

Figure 56 SOGI-based PLL (SOGI-PLL)

SOGI Frequency-Locked Loop

We can further improve upon the SOGI-QSG by recognizing that its inherent resonant
character makes itself work as a voltage-controlled oscillator. Thus, we could develop a
control to auto-adapt the center frequency of the SOGI resonator to the input frequency
and discard the PLL block from the SOGI-PLL, hence creating a frequency-locked loop
(FLL). The first step to making the SOGI-QSG auto-tunable is to analyze the error signal
&, and see how the center frequency might be controlled by using this error signal.
Below is the transfer function from the input v to the error signal ,:

(100) E(s) =) =St
s)=—(s) =
v 2+ kw's + w'?
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This transfer function corresponds to a second-order notch filter with attenuation at the
center frequency. Let us now recall (99) and use it to find a relationship between the
error signal &, and the in-quadrature signal at the AF output, gv’. Figure 57 is the Bode
diagram of both Q(s) of (99) and E(s) of (100) at 60 Hz center frequency with a gain of

k =+/2.

We can see from the Bode plot an interesting relationship. The signals ¢, and qv’ are in
phase when the input frequency is lower than the SOGI resonance frequency (w < w')
and are opposite in phase (180°) when the input frequency is higher than the SOGI
resonance frequency (w > w').

Thus, a frequency error variable, &, can be defined as the product of ¢, and qv’, whose
average value, &, will be positive when w < w’, zero when w = ', and negative when
w > w'. This allows for a simple frequency locking loop (FLL) to be designed, as shown
in Figure 58. In the FLL, an integral controller with a negative gain, —y, is used to
eliminate the DC component of &, by shifting the center frequency of the SOGI-QSG, w',

until it matches the input frequency, w.

Magnitude (

Phz

Frequency (ri

Figure 57 Bode plot of E(s) and Q(s)

74



SOGI-QSG

4 7
a D ||
v g ke, [ v
, SOGI
qu
. X -
A f
L \ ‘ v
&y qv’ w
4 N
FLL
& > f H@ w
N We

Figure 58 SOGI-based QSG with FLL

Also, the nominal value of the utility frequency, in our case roughly 377 rad/s, is added to
the FLL output as feed-forward variable, w,, to accelerate the initial synchronization
process. By combining the SOGI-QSG with the FLL, we are given a single phase utility
synchronization system: the SOGI-FLL. However, it can be shown that the negative gain
—y can be normalized by feeding back the estimated grid operating conditions,
guaranteeing a constant settling time in the frequency estimation independently of the
input signal parameters. This is shown by the SOGI-FLL with FLL gain normalization in
Figure 59. It can also be shown that the SOGI-FLL with FLL gain normalization
operates superbly in the event of simultaneous changes to the voltage amplitude and
frequency, usually occurring during utility faults.

It is shown in [10] that the SOGI-FLL provides the fastest and most accurate response of
any of the utility synchronization techniques discussed. It is also shown in [10] that a
similar conclusion can be made regarding three-phase utility systems and that the
implementation of a Double SOGI-FLL provides the fastest and most accurate response.
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Figure 59 SOGI-FLL with FLL gain normalization

The creation of these synchronization blocks is essential in inverter systems as they will
be utilized to provide reference signals to the PWM blocks discussed earlier and will
directly impact the output waveforms generated by the inverter and injected into the grid.
As such, standards like IEEE 1547 will be much easier to comply by.
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ANTI-ISLANDING CONSIDERATIONS
Introduction

As discussed earlier, islanding poses some real problems in the event of a utility
shutdown. Safety of the utility line workers must be ensured while preserving the power
quality delivered to the grid. However, anti-islanding (Al) has proven to be a technically
challenging characteristic of the utility interactive inverter. The issue arises in the fact
that there exists a non-detection zone (NDZ) in which the inverter’s measured control
parameters, such as the voltage and frequency outline by IEEE 1547, do not stray away
from their limits during an islanding condition. We will briefly discuss the concept of the
NDZ so as to lay a foundation for methods to overcome it. We will discuss the three
types of these methods: Utility level methods, Passive inverter level methods and Active
inverter level methods. We will also briefly discuss two new active methods that have
been recently proposed. A thorough analysis has been conducted in [16], in which
different methods have been applied and the results have been documented along with the
respective strengths and weaknesses of each method.

The Non-Detection Zone

The non-detection zone (NDZ) can best be described as a set of conditions in which the
inverter fails to detect an abnormal or tripped condition in the grid and continues to
operate, thus not complying with IEEE 1547. As such, we consider the reliability of
different islanding detection methods based on their respective NDZ. The best way to
describe the NDZ is to first consider the RLC test load prescribed by IEEE 1547 and
definition of the following relationships:

(101) AP = Piyqq — Ppg

(102)  AQ = Qioaa — Upe

where P,,.q and Q;,.q4 are the real and reactive powers of the load respectively, Py, and
Qp are the real and reactive output powers of the inverter respectively and, AP and AQ,
as seen from (101) and (102), are the real and reactive output powers of the utility
respectively. This is best shown in Figure 60. Also, a general depiction (for most
Passive Al methods) of the NDZ is shown in Figure 61. We can clearly see that in the
event that the load’s real and reactive powers are very close to those generated by the
inverter, there isn’t a large enough change in the real and reactive powers delivered by
the grid to cause over/under-voltage (OV/UV) and/or over/under-frequency (OF/UF).
Thus, it is said that there is no “mismatch” between the powers produced by the inverter
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and that of the utility, hence leading to a NDZ. A worst-case scenario is possible and is
determined to be the event in which a balance exists between the load and grid
impedances. In this case, there is no change in amplitude or frequency of the measured
signal, again leading to a NDZ. By understanding this relationship, we can easily
conclude that the standard OUV/OUF protection schemes of the inverter are not at all
sufficient to prevent an islanding condition. As such, other methods must be employed to
ensure proper anti-islanding protection as prescribed by IEEE 1547.

P

AP + jAQ PCC
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Breaker
A _ _
Ppg +j@Qpe Pioaa +JQioad

Utility@ X {} Load
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Figure 60 Diagram of test set-up required by IEEE 1547
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Figure 61 The non-detection zone (NDZ)
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Utility Detection of Islanding

Utility detection methods were probably one of the first islanding detection methods to
come into the minds of engineers trying to solve this problem. The reason being that it is
probably the only method to ensure adequate anti-islanding and the elimination of the
NDZ. The utilities employ a supervisory control and data acquisition (SCADA) system
to constantly monitor and control all equipment involved in the power delivery process.
As such, it is easy to envision that when part of the grid is disconnected, the utility can,
with a control signal, effectively shut down any distributed generation (DG), like a PV
system to prevent islanding; and conversely, once the grid is reenergized, the DG can be
turned back on again. This appears to be a very straightforward and full-proof solution to
islanding. However, the main drawback of this method is the amount of financial
resources it will take to complete such a project, not to mention the burden it will place
on the utility; which will probably result in higher utility bills for customers. Even if the
financial hurdle can be overcome, in the present time, the amount of installed private
DGs is not high enough to warrant such a project. As such, we are left with methods
residing within the inverter itself.

Passive Detection of Islanding

Although we will briefly discuss some passive detection methods, such as the OUV/OUF
stated earlier, in this section, it is worth noting that these methods will never reduce the
NDZ down to an acceptable level to comply with any standard such as IEEE 1547. As
such, either active methods or hybrid passive-active methods must be employed.

The phase jump detection (PJD) method monitors the phase difference between the
inverter terminal voltage and its output current. During normal operation, the inverter
current is synchronized with every zero-crossing of the grid voltage. Therefore, if the
grid goes offline, the current is now synchronized with only the inverter’s voltage
reference. Therefore, a phase shift in the current must take place since there has been no
change in frequency and the phase of the load has not changed. This phase shift is
compared to the old value and if it passes a certain threshold, the inverter can be
programmed to trip. The problem with this method is the same as other passive methods
in that the choice of threshold values is a very difficult task, and will change for every
installation, making it hard to make a universal utility interactive inverter. Also, loads
such as motors cause significant transient phase jumps during startup, which will lead to
nuisance tripping.

The other passive method we will discuss is the harmonic detection (HD) method. This
method analyzes the THD of the voltage at the point of common coupling (PCC), where
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the inverter terminals meet the utility supply. If the THD exceeds some threshold value,
the inverter is programmed to shut down. Under normal operating conditions, the grid
voltage will force the THD of the voltage to be approximately zero, forcing a low
distortion sinusoidal signal at the terminals which forces the current drawn to the load to
be sinusoidal. The inverter is designed to produce currents with THD of less than 5%, a
low amount of harmonics. Due to the grid’s low impedance, these low harmonic currents
flow into the grid and interact with the low impedance to produce a low amount
distortion in the signal. This distortion is not detectable during normal operation of the
inverter while connected to the utility.

In the event an island occurs, the high frequency switching employed by inverters
invariably causes harmonics in the output voltage. Without the presence of the “stiff”
low distortion utility voltage, these harmonics can now be detectable and the inverter can
be programmed to shut down if the value exceeds a certain threshold. However, as stated
again, it is very difficult to set a universal THD limit for all inverters and their particular
installations. Also, the nature of the load has a direct impact on the harmonics detected at
the PCC. For example, let us assume our inverter produces a THD of 5%, which is the
maximum allowable limit, and the utility is disconnected causing an island condition. If
our load is purely resistive, the THD measured will also be 5%, preventing the inverter
from tripping. Also, if the load is an RLC load, the low-pass characteristics of the load
will attenuate the higher order harmonics, causing the THD to drop, which will definitely
not trip the inverter. Lastly, using the HD method, the inverter is very susceptible to
nuisance tripping in the event of transient voltage disturbance, such as the switching of
capacitor banks that will momentarily increase the THD.

It can be seen that the passive methods alone are not suitable for implementation into the

utility interactive inverter. Let us now explore a few active detection methods that may
provide proper anti-islanding mechanisms.

Active Detection of Islanding

Active detection methods for the prevention of islanding rely upon the use of a
microcontroller based inverter, along with some passive detection techniques.
Microcontrollers allow engineers and designers to incorporate sophisticated control
schemes in their designs. The premise behind active methods of islanding detection is to
generate small perturbations of one of the system parameters at the inverter output. The
systems parameters could be the frequency, harmonics, phase, P, or Q. This method has
created a lot of buzz in the power systems and power electronics communities and has
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fueled a steady development of ideas and publications. We will discuss only a couple
and will leave the rest to be researched in [16].

The active frequency drift (AFD) method involves the output of a slightly distorted
current waveform in the inverter output as shown in Figure 62.
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Figure 62 Current waveform using the AFD method

The waveform is distorted by forcing its frequency to be slightly higher than that of the
voltage frequency from the previous cycle. Also, once the current waveform reaches
zero, it remains at zero until a zero crossing of the voltage waveform, as illustrated by
Figure 62. Let us define the following:

_2t,  6f
Tyuta  f +0f

(103)  cf

(104)  i* =2Isin[2n(f + 8f)] ¢
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(105)  Gupp = ft, =
f+of

The “chopping fraction”, cf, is the ratio between the forced frequency change in the
current, §f = +0.5 — 1.5Hz, compared to the voltage frequency f. The time in which
the current waveform is zero is called the zero time and is denoted by t,. The period of
the utility voltage is given by Ty,.;. The inverter current reference and angle in the
steady state are shown in (104) and (105).

This method creates a phase difference between the voltage and current waveforms. If
the inverter remains connected to the utility, the first zero crossing in each cycle of the
current waveform directly coincides with that of the voltage, thus not resulting in an OUF
condition. However, once the utility reference is removed, and the shifted current is
applied to a resistive load, the voltage waveform will tend to that of the current. If the
current waveform was distorted with a positive §f, then the voltage waveform would
have its zero crossing sooner than in the previous, causing the phase error described
above. The inverter will try to counteract this effect by increasing the frequency of the
current waveform, thus again causing the first zero crossing of the voltage waveform to
appear sooner than expected. As we can see, this drives the frequency of the current
waveform ever higher and eventually exceeding the threshold set forth by the OUF
protection scheme. It has been shown in [17], however, that the NDZ of this method
cannot be reduced to zero and will be dependent upon the quality factor of the LC load
(Q) and of 6f being very close to the OUF-OUV method for high Q loads. In addition, if
the island consists of multiple inverters and these multiple inverters are not identical (i.e.
different manufacturers), a consensus choice would have to be made amongst the
manufacturers as to shift the frequency up or down. Otherwise, if one decides to shift up
while the other shifts down, they would in effect cancel each other and the islanding
condition would not be ceased. Lastly, discontinuous waveforms, such as the one
generated by this method, will cause radiated and conducted radio frequency interference
(RFI). This would imply that the AFD method is not a viable method for anti-islanding
detection.

The slip-mode frequency shift (SMS) method is one of the methods currently discussed
that employs a positive feedback of the inverter output voltage. Of the three parameters
that positive feedback can be applied to, amplitude, frequency and phase, SMS applies it
to the phase, the short term frequency. The frequency of the grid, however, will not be
impacted by this feedback. As such, let us define a few equations necessary for this
method. The inverter current reference and phase for the SMS method in the steady state
are
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(106) l* = \/EI Sin(ZT[ka_l t+ HSMS)

(107)  Ogys = 6,y sin (%)

where £, is the frequency value from the last cycle of the nominal utility frequency

fref - futil
fm - futil

futit, fm 18 the frequency at which the maximum phase shift, 8,,,, occurs and f..f is the

measured frequency. As we can see in (107), the phase shift, 85,5, is made a function of
the frequency, thus obtaining the relationship illustrated in Figure 63. When the utility

line is present, it forces the operating point in Figure 63 to be at point 1 by providing a
solid frequency and phase reference. However, once the utility is removed and an

islanding condition is present, any perturbation away from the utility nominal operating
frequency experienced at the output of the inverter will cause a phase shift along the SMS

curve shown in Figure 63. Thus, causing the phase error to increase, illustrating the
positive feedback characteristic of the SMS method.
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Figure 63 Phase vs Frequency relationship in the SMS method
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In an islanding condition, it shown in [17] that for a given quality factor specification,
Qf, 6, can be accurately calculated using

On < 129
fm_futil - n?

(108)

where f,,, — fuei 1S usually taken to be at 3 Hz so that stable operating points lie outside
the normal frequency range. This method is shown to have great advantages over the
other methods discussed earlier, and the potential elimination of the NDZ, as shown in
[17]. However, as with all positive feedback systems, SMS could potentially cause
system-level power quality and transient response problems at very high DG penetration
level and high-gains in the feedback loop. Also, as shown in [16], high Q loads at
resonant frequencies close to the utility operating frequency lie in the NDZ. These loads
are rather rare however, and IEEE 1547 has required testing to be done with loads at
Qr = 1 for easier compliance.

There are some novel methods that have been recently proposed, such as the GE Voltage
Shift, GE Frequency Shift and Wavelet-based detection methods in which the output
waveforms are not degraded and can be kept stable, which have a high potential for
standardization as they apply in general cases. It is recommended that the reader take
advantage of any references that address these and other anti-islanding methods, as their
progress is rather swift.
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MAXIMUM POWER POINT TRACKING
Introduction

The last, but definitely not the least important operating characteristic of the utility
interactive inverter we will discuss is the important maximum power point tracking
(MPPT) algorithm. The MPPT algorithm is important in PV systems due to the inherent
current-voltage characteristics of PV cells, as shown previously in Figure 6. As such, an
efficient inverter must be able to determine the proper operating point at which the
maximum power from the PV cells can be extracted, since knowledge of the MPP is not
known a priori. This is done by controlling the PV module’s current or voltage
independently of the load. Another note of importance is that each PV cell has a different
MPP and the MPP will surely change depending on the temperature of the cell, as shown
earlier. We will discuss the most popular MPPT algorithms that do not involve a high
cost to implement. There are other algorithms that have been proposed based on digital
signal processors (DSP) and fuzzy logic, however these have been excluded as the cost of
their commercial implementation makes them impractical at this moment.

Perturb and Observe

The perturb and observe (P&O) is by far the most widely used MPPT algorithm in
commercial inverters today, mainly due to the fact that it is fairly easy and cheap to
incorporate in an inverter system. The idea behind the P&O algorithm is rather
elementary; the voltage at the converter stage of the inverter (DC-DC stage) is
incremented by a small amount. The resulting change in power, AP, is measured. If
APis measured to be positive, then the voltage is incremented once again, following the
logic that an increase in voltage resulted in a move toward the MPP. If AP is measured to
be negative, thus moving away from the MPP, then the voltage is decremented to try and
reach back to the MPP,

The P&O algorithm has some disadvantages that reduce its MPP efficiency. One of these
disadvantages is that the algorithm finds it difficult to discern the MPP when the
irradiance is reduced, thus flattening out the P-V curve and making it difficult for the
algorithm to detect the small changes in the power, as shown in Figure 64, for G=200.
We can also determine from the aforementioned logic that this algorithm cannot
determine the exact MPP, but rather it oscillates around the point. We can also see in
Figure 65 that this algorithm behaves erratically during instances of rapid changes in
irradiance, such as those experienced during partly cloudy days. As the irradiance
rapidly changes (i.e. from curve 1 to 3), the current point of the algorithm moves further
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and further away from the new MPP, that moves from point A to D to G instead of A to E

to H.

Maxinoam Power Pomt #
G = Ilumination (W/m?)

200
G=1000

;j; 1580 Y
% m
< 100
[

50

=400 \\\
G =200
: %/:/:\
0 20 40 60 80 100
Voltage (Volts)

Figure 64 Photovoltaic array power-voltage relationship [18]
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Figure 65 Erratic behavior of P&O under rapidly increasing irradiance [18]
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There have been propositions of optimization of the P&O, such as the one shown in [19]
and others. However, even without these optimizations, the P&O was shown to have an
overall MPPT efficiency of 99.3%, as shown in [18].

Constant VVoltage

The concept behind the constant voltage and current (CV) method is the observation that
the ratio of the PV array’s maximum power point voltage, Vjp, to its open circuit
voltage, V,, is approximately constant, as seen in Figure 6 and is described by

v
(109) XL =g<1
VO C

This method can be implemented utilizing the logic depicted by the flowchart shown in
Figure 66. The PV array is momentarily disconnected from the system and a
measurement of the open circuit voltage is taken. Utilizing this measurement of V. and
a predetermined value of K, the algorithm calculates the maximum power point voltage
using equation (109) and sets the system to that voltage. This is constantly repeated over
the course of the inverter’s operation to constantly calculate the MPP voltage at different
times.

Isolate Array Record Open Circuit Calculate Vypp from
from MPPT Array Voltage % of Voc

4
Vary Array Operating Voltage
Until Vypp is Reached

Wait X Seconds

A

Figure 66 Perturb & Observe (P&QO) MPPT algorithm

This poses a serious problem of inverter output efficiency as the algorithm must
disconnect its input source periodically to make this calculation, which obviously
significantly reduces the inverter’s efficiency. Also, it is shown in [18] and other sources
that the value of K is not in fact constant and its use would not be practical in an MPPT
algorithm.

Pilot Cell

This method works under the same principal as the CV method with one main difference
being that the open circuit voltage measurement is taken from a separate solar cell, called
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a pilot cell. This eliminates the need to disrupt the power output of the inverter to take
measurements, thus increasing its efficiency. However, the problem of determining the
correct value of K is still present. Also, and more importantly, it is essential that the pilot
cell’s characteristics be precisely matched with those of the array or module, otherwise
the measurements made will be of no value. This will require that each pilot/array pair
be calibrated, increasing the energy cost of the system significantly. Thus, this is not a
popular choice in the commercial market.

Incremental Conductance

The incremental conductance (IC) method is based on the assumption that the MPP can
be calculated by taking the first derivative of the PV array power with respect to the
voltage and setting it equal to zero, as prescribed in [20] and shown below.

dP _dn _ dl

(110) W S —dV + W =

0

which gives us

I dl
(111) - il
By inspection of (111) we see that the left hand side of the equation denotes the opposite
instantaneous conductance of the PV array and the right hand side denotes the
incremental conductance (IC). As such, at the MPP, the instantaneous conductance and
the incremental conductance must be equal in magnitude but opposite in sign. We can
correlate this finding in (111) to a set of inequalities that will be the heart of the logic
behind this algorithm as follows:

112) 2= e (dp - 0)
(112) Thalrr erefore A
113) —25 Y freres (dp > 0)
(113) vy erefore v

14y —L e eres (dp < 0)
(114) v <av erefore TV

Equations (112) — (114) lead to the following logic diagram in Figure 67. This method is
very similar to that of the P&O method with two distinct advantages, it can calculate
which direction to perturb the voltage and can actually find and remain at the MPP.
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However, this is at the cost of higher computational requirements, which may degrade the
overall system performance. One could make the inference that the IC method would
increase the overall MPPT efficiency as compared to the P&O method. However, it is
shown in [18] that the overall MPPT efficiency of the IC method was 99.4%, not much of
a difference from the P&O method. Thus, the P&O method is the preferred choice of
MPPT algorithms amongst inverter manufacturers due to its simplicity and low cost of
implementation.

Calculate
dl & dV
Yes
dv =0
Yes
Yes Yes
Increase Array Decrease Array Decrease Array Increase Array
Operating Voltage Operating Voltage Operating Voltage Operating Voltage
Return

Figure 67 Incremental Conductance (IC) MPPT algorithm

Model Based Algorithms

Model based MPPT algorithms rely on the premise that values in equation (4) are
precisely known. Therefore, all the MPP operating points can be calculated directly and
thus applied to the system. This method, however, is not practical as the characteristic
parameters of each solar cell cannot be precisely measured and the cost of purchasing an
accurate enough light sensor to determine these parameters would be tremendous.
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COMPUTER SIMULATIONS

Photovoltaic Array

As with all engineering work, theoretical findings must be determined to be either correct
or incorrect. The first step in such a process is the implementation of computer
simulations to determine the validity of the theoretical results and findings of this project.
MATLAB®/Simulink® software suite by Mathworks® is utilized to facilitate the
modeling and simulation of the various aspects of our complete inverter system.
Throughout this section, figures will be presented in a tier fashion and may seem
redundant, but are however required due to the modular nature MATLAB/Simulink. This
is evident in the design of certain control blocks, such as the SOGI-FLL, in which at the
top level shows just a control block, but exposing each underlying tier gives rise to the
nature of that block. Therefore, when describing a certain aspect of the model, we will
first display the top level block and work our way deeper. First we will begin with the
modeling and simulation of a 2kW photovoltaic array based on equation [4] and ten
series connected modules from [7]. However, for simplicity, a single diode model was
employed but with a series and parallel resistance in order to exhibit a more characteristic
response of a practical photovoltaic cell/module/array. The equation is as follows:

(115) I= Ly — Ig—Ig,

where I,,,, is the photovoltaic current, I, is the diode current and I, is the current
flowing through the parallel resistance. Their equations are as follows:

G

(116) Ipv = (Ipv,n + K; (Tcell - Tn)) G_

n

117 1—1[ (V+R51> 1]
(117) Iz =1, |exp VN

V + Rl
R

(118) Ip, =
p

1, is the diode saturation current and is expressed as

Isc,n + KI (Tcell - Tn)

exp ((Voem + Ky (Teen = T)) /NV, ) = 1

(119) I, =
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V; is the thermal voltage and is expressed as

(120) Vi = NskTeen/q

where N is the number of cells connected in series.

Using the information provided in [7] and an iterative shown in [21], the parameters in
equations (116) through (120) are described and quantified in Table 7 below for a 2kW,
500 series cell, photovoltaic array.

Parameter Description Value
Lyyn Light generated current at STC (1kW/m?, 25 °C) 8.6 A
Isen Short circuit current at STC 86 A
Voen Nominal open circuit voltage at STC 308V
Iy Current at maximum power point at STC 8.07 A
Vinp Voltage at maximum power point at STC 248 V
Py Maximum power at STC 2001.36 W
T, Nominal cell temperature used for STC 298.15 K
T.onr Array temperature Varies
G Irradiance on array Varies
Gy, Nominal irradiance used for STC 1 kW/m®
K, Current-Temperature coefficient 00881567 A/K
Ky Voltage-Temperature coefficient -0.1973275 V/K
R, Internal series resistance 1.6733 Q
R, Internal parallel resistance 1x10°Q
N Diode quality factor (1 <N < 2) (1 = Ideal) 1.3
N, Equivalent number of PV cells connected in series 500
k Boltzmann Constant 1.3806503x10* J/K
q Fundamental electron charge 1.6021765x10™° C

Table 7 Calculated model parameters of a photovoltaic array using Mitsubishi 200W modules from [7]

Utilizing these parameters and their values, the following model shown in Figure 68 - 72
was created and a series of simulations were run to determine if the characteristics of the
PV array we modeled behave as expected. The two main characteristics important in
photovoltaic cells are the current to voltage and power to voltage relationships. If our
model and simulation implementation is correct, we should expect to see a current-
voltage response similar to that of Figure 6. Figures 73 - 76 are plots of the current-
voltage and power-voltage waveforms from the simulation runs, first by keeping the
operating temperature constant and varying the irradiance and last by keeping the
irradiance constant and varying the operating temperature.

91




Measurements
G Irradiance (W/m*2)

L

+++(0
’| Teell (Celsius)
—-|a
2kW PV Array
Figure 68 2kW Photovoltaic Array control block
8+ \/\/\—8 P s 0

&8 :—»(E
G

Iradiance (W/m*2)

C to K conv,

Measurements

a

T

[ a a L — 4
- 5 m | [m ) o 5 o | )
AN
.|T] Nt \ ‘
e —» ﬂ4><[m v )—Bfwn

@

Lol o VIN %E‘ Ipv °

pv] P lpv

Figure 69 2kW Photovoltaic Array equivalent circuit and model

92



Figure 70

Figure 71
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Power vs Voltage Characteristic of 2kW PV Array at T
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Figure 74 Power vs Voltage characteristic plot of 2kW PV array at varying G and T, = 25 °C
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As we can see from the current-voltage plots obtained from the simulation, they match
very closely to that of Figure 6 and the values at the maximum power point of Table 7,
justifying the mathematical model employed. Secondly, we can clearly see a relationship
between the irradiance and the maximum output current of the PV array; as the
irradiance, or sunlight, on the array drops, so does the operating current and thus
maximum power. We can also gather from the power-voltage plots that the maximum
power point for each curve lies on the knee of the current-voltage curve, previously
shown in Figure 6 as well.

Moving on to the constant irradiance plots we see an interesting relationship between the
operating temperature and the maximum output current/power; as the operating
temperature of the array rises, the maximum output current/power drops. This can be
attributed to the internal series resistance characteristic of the photovoltaic cell, as
temperature rises, so does the resistance, thus hindering the flow of current.

These plots have proven that the mathematical model utilized is sound and behaves as
expected. This shows also that indeed each photovoltaic element has a maximum power
point that varies depending on the irradiance from the sun, the temperature of the array
and the load that it is feeding. Thus, the next step would be to implement a MPPT
algorithm to dynamically adjust the output conditions of the PV array so that the
maximum amount of power can be drawn from the PV source.

MPPT Implementation and Buck Converter Design

In order to implement a MPPT algorithm in our system, we must be able to vary the
output voltage of the PV array. This is accomplished through DC-DC converters.
Although the topic of DC-DC conversion was not discussed in this project, the reader
may turn to [8], [22-24] for theoretical justification and practical implementation. Let us
first begin with the implementation of the maximum power point tracking algorithm.
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Figure 77 MPPT Control block and equivalent circuit

The MPPT algorithm chosen for our inverter system is the perturb and observe (P&O)
method, due to its ease of implementation and accuracy as established previously. The

easiest way to implement this algo

rithm is by use of a Simulink® function block that

allows the user to run a MATLAB® script within the simulation, as shown in Figure 78.

tion

Figure 78 MATLAB® script control block

Two other methods can be used to implement the MPPT such as the Stateflow® toolset in
MATLAB® or by implementing a mathematical equivalent model. Due to its ease of use
and troubleshooting capabilities, a MATLAB® script was utilized. The complete script is

inserted here for reference:
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function D = PO_MPPT(PV_Voltage, PV_Power)
persistent Dprev Vprev Pprev count

it isempty(Dprev)

Dprev = _4;

Vprev = 0;

Pprev = 0O;

count = O;
end

deltaD = .000035;
if count >= 1

Dprev;
PV_Voltage - Vprev;

D =
dv
dpP PV_Power - Pprev;

ifdP >= -1 && dP <=1

D = Dprev;

Vprev = PV_Voltage;
Pprev = PV_Power;
count = O;

end

ifdP >18&% dv >0
D = Dprev - deltaD;

Vprev = PV_Voltage;
Pprev = PV_Power;
Dprev = D;

count = O;

end

ifdP >1 &% dVv <O
D = Dprev + deltaD;

Vprev = PV_Voltage;
Pprev = PV_Power;
Dprev = D;

count = O;

end

ifdP < -18&& dv >0
D = Dprev + deltaD;

Vprev = PV_Voltage;
Pprev = PV_Power;
Dprev = D;

count = O;

end
iTfdP < -1 && dV <O

D = Dprev - deltaD;
Vprev = PV_Voltage;
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Pprev = PV_Power;
Dprev = D;
count = O;
end
else
D = Dprev;

count = count + .05;
end

The output of the algorithm is the desired duty cycle of the gate pulse used to drive the
IGBT of the DC-DC converter, in this case a step-down or Buck converter. Thus by
varying the duty cycle of the Buck converter, the output voltage is varied in accordance
with the P&O algorithm and the maximum power point is reached. The control block
and equivalent circuit diagram of the Buck converter are illustrated in Figures 79.
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Once again, we must determine the accuracy and validity of our design through
simulation. This simulation involves the PV array model designed earlier along with the
MPPT control block and DC-DC Buck converter block. Four different scenarios are
simulated:

1. Constant irradiance and constant temperature
2. Varying irradiance and constant temperature
3. Constant irradiance and varying temperature
4. Varying irradiance and varying temperature

Figure 80 on the previous page illustrates the environment for these four simulations and
Figures 81 through 92 are the input and output waveforms. If designed correctly, the
output of the Buck converter will adjust accordingly so that the maximum power
available from the PV array is delivered to the load.
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Figure 81 Irradiance and Temperature Input waveforms for constant G, constant T Simulation
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Figure 82 PV output waveforms for constant G, constant T Simulation
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Figure 83 Buck converter output waveforms for constant G, constant T Simulation
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The results observed in Figures 81 — 92 show that the MPPT control block is able to
adequately track the proper maximum power point of the PV array and in turn, adjust the
duty ratio of the step down converter so that the load receives that power. We see that
regardless of irradiance and/or temperature change, the MPPT algorithm and control
performs quite admirably in these simulations and justifies the design process.

It is important to note that there does exist a somewhat long settling time with regard to
the output waveforms. This is due to the fact that we have employed large filtering
capacitors to mitigate the rippling effect onto the PV array caused by the switching of the
converter and also at the output of the converter itself. However, from the figures above,
the largest settling time we observe is roughly 3 seconds, a decent time for practical
applications.

Full Bridge Inverter

Now that we have successfully implemented the PV array with a DC-DC converter
capable of tracking the maximum power point of the array, the next step is to introduce
the full bridge inverter so that we may convert the DC waveform from the converter into
an AC waveform suitable of being fed into the utility.

A simple H-type full bridge topology was employed for these simulations, as shown in
Figure 68. IGBTs were used in the inverter’s equivalent circuit design (SW1-SW4).
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Figure 93  Full-bridge inverter control block and equivalent circuit

PWM Control

The inverter obviously cannot function without proper control signals. Therefore, a
control block was designed using the Unipolar PWM switching technique, as shown in
Figure 94, described earlier with a switching frequency of 20 kHz. The PWM control is
also incorporated with a modulation factor control loop. This allows the PWM to control
the amplitude of the output waveform by adjusting the modulation factor. This is
essential in utility interactive inverters as the output amplitude must be constrained within
the limits prescribed by IEEE 1547, as stated earlier.
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Figure 94 PWM control block employing unipolar switching logic and modulation control

By applying a sinusoidal reference signal at 60 Hz to the input of this block, we obtain
the following output from the PWM control shown in Figure 95. Please note that the
output has been slowed down and expanded for easier viewing. By combining the PWM
control block with the full bridge inverter shown in Figure 68, we obtain the following
output from the inverter shown in Figure 96. As we can see, the control signals provided
by the PWM control block have produced a unipolar switching output at the value of the
DC source, as we had desired.
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Figure 96 Inverter output voltage

SOGI-FLL with Gain Optimization

The inversion process is now complete. The next design element would be the reference
signal generator used for synchronization with the utility waveform. This is one of the
most important control blocks of the utility interactive inverter as it must accurately and
quickly track the reference waveform obtained from the utility. Any variations in the
waveform that exceed the voltage and frequency thresholds set forth by IEEE 1547 must
be quickly realized so as to trip the inverter within the maximum trip times set forth by
the standard. Based on the discussion earlier, a SOGI-FLL with gain optimization will be
utilized to provide an accurate reference signal and a fast response to transients required
by IEEE 1547. The main control block of the SOGI-FLL is shown in Figure 96.
Remember that this control block is comprised of three separate sub-control blocks: the
SOGI-QSG, FLL, and the Gain optimizer. The control diagrams of each subsystem are
shown in the forthcoming figures.
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To test the SOGI-FLL with gain optimization, a reference signal, v, will be applied at its
input, and the output waveform v’, used for the PWM control block, will be analyzed to
ensure a proper response to any changes. The figures below show these waveforms
under various reference conditions. Please note that in the following figures, Vigr
denotes the utility reference waveform, v, and V;; denotes the output waveform v’.
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Figure 102 Input and output waveforms of the SOGI-FLL
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As we can see in Figure 101, the SOGI-FLL provides a well synchronized output
waveform within 0.02 seconds (1.25 cycles). This shows a great response time for the
unchanging 60 Hz reference signal applied. However, the SOGI-FLL must be able to
track waveforms that experience changes in frequency or phase. The figures following
illustrate the response of the SOGI-FLL under varying conditions of the utility reference
waveform.

\;‘REF Vs VFLL With a Frequency Drop to 59.3 Hz at t=0.064 s (4 cycles)

15 T T T T | I

REF

15 I ] L ] L ]
0 0.02 0.04 0.06 0.08 0.1 0.12

TIME (s)

Figure 103 Input and output waveforms of the SOGI-FLL experiencing a frequency drop
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Figure 104 Input and output waveforms of the SOGI-FLL experiencing a frequency jump
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VREF 'S VFLL With a 90 Degree Phase Sift at t=0.064 s (4 cycles)

1.5 T T T T T T

REF

15 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.1

TIME (s)

Figure 105 Input and output waveforms of the SOGI-FLL experiencing a phase shift
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Figure 106 Input and output waveforms of the SOGI-FLL experiencing a frequency drop and phase shift
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Figure 107 Input and output waveforms of the SOGI-FLL experiencing a frequency jump and phase shift

We can see in Figures 103 — 107 that the SOGI-FLL with gain optimization control block
exhibits the same response time as in an unchanging input reference waveform. It is of
note that the frequency values used in these simulations are the upper and lower
frequency bounds set forth by IEEE 1547 (59.3 Hz < f < 60.5 Hz). With a response time
of roughly 0.02 seconds (1.25 cycles), the inverter is well capable of detecting any out of
bounds conditions and disconnecting from the utility within the maximum 0.16 seconds
(10 cycles) required. A similar response is observed when the amplitude of the reference
waveform changes. However, the results of those responses have been omitted to prevent
redundancy.

Complete Circuit

So far we have determined through simulations that the Full-bridge inverter, the PWM
control and the SOGI-FLL synchronization block have responded satisfactorily to our
expectations. Our next set of simulations will employ these blocks in a semi-complete
utility interactive photovoltaic inverter test scenario; semi-complete because we are not
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utilizing an accurate model for the behavior of the utility. This is left to the reader to
explore different methods and results from such a model.

Figure 108 illustrates the simulation set-up for our utility interactive inverter, along with
the properly modeled PV array and DC-DC converter with MPPT control. A capacitor
bank, known as a DC link, is connected at the output of the PV array to reduce the ripples
caused by the switching of the DC-DC converter and inverter, thus creating as much of a
DC source as possible.

This is then fed into the DC-DC converter employing the MPPT control method and
algorithm. The output of the converter is then fed into the full bridge inverter to
transform the signal into an AC signal.

After the inversion process, the inverted waveform is filtered utilizing a simple low pass
LC filter. Other filtering techniques are also applicable, such as the LCL filter and
adaptive filtering. However, for our verification purposes, the low pass characteristics
the LC filter we are utilizing are adequate. At the output of the filter is a 10 Q load.

We have applied a 200V 60 Hz reference signal at the input of the SOGI-FLL block to
mimic the signal received from the utility source.

Two simulations were run to verify that the models work correctly and as expected when
connected together. Both simulations kept the operating temperature of the array
constant at 25 °C but varied the irradiance, once at 1000 W/m? and the other at 800 W/m?
to verify that the MPPT control block is functioning properly.

Also, in order to observe compliance with IEEE 1547, harmonic analysis was done to
ensure that the total harmonic distortion of the current waveform is below the maximum

allowable levels.

Figures 109 - 116 are the results of the simulations.
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Figure 108 Complete schematic of simulation test set-up for the utility interactive inverter
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Figure 109 PV array output at G = 1000 W/m? of complete model simulation
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Figure 110 Load output at G = 1000 W/m? of complete model simulation
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Figure 111 10 cycles of the load output at G = 1000 W/m? of complete model simulation
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Figure 112 PV array output at G = 800 W/m? of complete model simulation

134

10



Voltaae [VI]

Figure 113

Load output at G = 800 W/m? of complete model simulation
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We can see from the output waveforms of the simulations that the results obtained are
within expectations. The MPPT control block does a great job of tracking the maximum
power point of the PV array. The SOGI-FLL tracks the frequency of the reference signal
and the resulting frequency of the output waveform is measured to be 59.9 Hz, well
within the acceptable range for IEEE 1547.

The output voltage, however, dips below the reference signal value of 200V for G = 800
W/m?, but still within the 88% lower limit outlined in IEEE 1547.

The total harmonic distortion of the current and voltage waveforms are an extraordinary
0.75%, also within the 5% limit imposed by IEEE 1547. This can be attributed to proper

switching and filtering of the output signal.

These simulations have proven the models and theories discussed in this text to be
accurate and satisfactory.
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CONCLUSION

We began with a brief introduction to the theory of photovoltaics, to set a foundation
regarding the use of sunlight to harvest renewable energy to provide the power we
consume every day. Then the foundation of the inverter was set with the theory of power
electronics. Understanding of the Fourier series, the inversion process and the various
semiconductor switches used in the process. Different inverter topologies were discussed
and the foundation for their control was established through the understanding of the
PWM control scheme. The idea of utility interactivity, the heart of this project, was
introduced, along with its nationwide standard for compliance, IEEE 1547. Ultility
synchronization was discussed, and it was shown through simulation that the SOGI-FLL
with gain optimization control scheme provides a great response and accuracy for
complying with IEEE 1547. Also in reference to IEEE 1547, anti-islanding detection
methods were discussed and it was shown that at the present time only a few have the
potential for standardization, such as the GE Voltage shift or the wavelet method.
Maximum power point tracking algorithms were compared and determined that the P&O
and IC algorithms provided the best efficiency. Finally, these concepts were put together
in a simulation circuit and proven to function as a utility interactive inverter by showing
the following:

1. The mathematical model of a photovoltaic cell/module/array is accurate, even
when utilizing a simpler single diode model rather than the double diode model.

2. The MPPT control block and algorithm effectively output the maximum available
power under any condition in coordination with the DC-DC converter.

3. The SOGI-FLL reference waveform generator provides accurate and quick
responses to any changes in the utility reference, thus capable of disconnecting
from the grid within the allowed maximum time set forth by IEEE 1547.

4. The output of the inverter provides an acceptable waveform with a total harmonic
distortion well below the 5% limit imposed by IEEE 1547

Other considerations should be taken into account when designing a utility interactive
inverter. Keep in mind that each requirement introduces different needs that the inverter
must meet. There is no single type universal solution. Also, proper filtering techniques
must be employed to ensure proper interaction with grid impedances.
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