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ABSTRACT

Z-SOURCE INVERTER BASED POWER CONDITIONING
SYSTEMS FOR PV POWER GENERATION

By

Yi Huang

The world’s energy demand is increasing quickly. As photovoltaic system is one of
the most promising alternative energy sources in DG. The power electronics converters

based PCS in the PV system now becomes the key point in cost reduction.

The main tasks for inverter are draw the power out and injected a sinusoidal current
to the grid. To competitive with other power sources, the most effective way is to
develop inexpensive and reliable inverters. The aim of this thesis is therefore to develop

new topologies and control strategies for PV system.

This thesis presented a new power conditioning system based on Z-Source inverter
for renewable energy sources. The PV system performance depends not only on
temperatures and irradiations, but also on maximum power tracking function of PV
inverter. So it is important to verify the inverter system too. To help verifying the
inverter system, a dc-dc converter based PV simulator was proposed and implemented.
Also, both the stand-alone split-phase PV system and grid-connected three-phase PV
system were proposed and analyzed. The simulation and experiment results were

shown to verify the proposed system.



With unique X shape network, the Z-Source inverter can realize buck and boost
function without additional dc-dc converter. For grid-connect action, the proposed
harmonic injected unity power factor current control which also employed modified P&O
MPPT method are suitable for PV power applications. By utilizing the Z-Source
inverter, the volume, the cost, and the switching device count are minimized. Because
of the single stage operation, the efficiency of the system can be greatly improved. The
reliability can be enhanced greatly due to the shoot through states. With all these
advanced features, the Z-Source inverter based PCS is very promising for renewable

energy applications.
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CHAPTER 1. INTRODUCTION

1. 1. Background

When the energy crisis in the seventies was going on, photovoltaic became more and
more popular as a substitute for fossil energy source. The worldwide improving
environment awareness and the needs of the growing population in developing countries
have increased the interest in photovoltaics as a long term, inexhaustible,
environmentally friendly and reliable energy technology. Photovoltaic sources are well
established in the alternative energy market. Also it is growing an average rate of 26%

per annum [98].

In the photovoltaic systems, power electronics converters are the key enable parts.
Energy is transferred from the PV, through power electronics converter, then finally to
the load or grid. The power electronics converter will regulate the power and voltage,
also realize maximum utilization of the energy from the PV. With the rapid improvement
in material science, the cost of photovoltaic cell has dropped tremendously in last two
decades, while as the price for the converter used in PV system remains almost the same.
Thus, to lower the cost and at the same time achieve the best performance of the power
electronics converter in the PV system now becomes the key issue for applications of PV

system.



Generally, by substitute old power processors with Power Electronics converters will
help a lot in system efficiency and dynamic response. The earliest power electronics can
be dated back to 1948, from which Bardeen, Bratain, and Schockley invented the silicon
transistor at Bell Telephone Laboratories. Since then, many new power semiconductor
devices have been invented and evolved for control of power and energy. Figure 1.1
shows the rating and application range of major devices used in power conversions. For
PV system, IGBTs and GTOs are most commonly used devices because of the voltage

and current ratings.

? Current
lk -
‘GTO
5001 IGBT SCR
200
MOSFET Voltage
— . >
200 2k 5k

Figure 1.1: Major types of power electronics devices [19].

1. 2. Distributed Generation And Photovoltaic Generations

Based on above introduction, the extension of distributed generation (DG) is widely
used to avoid the energy exhaustible from only the fossil fuel supply. Distributed

generation, also called on-site generation, generates electricity from many small energy



sources typically in the range of 3 kW to 10,000 kW. With the widely used distributed
generation system, consumers and power utilities can get much more benefits.
Distributed generation can give more varied energy options, increase generation and
transmission efficiency, and improve power quality and system stability, etc. The types
of DG include Gas Turbines, Reciprocating Engines, Microturbines, and as well as the

"green powers", such as fuel cell, wind turbine and photovoltaic (PV).

Among those green powers, photovoltaic has its unique advantages than other sources.
Since the generation of electricity is directly from the sun, no fuel is needed. The
production of electricity by the photovoltaic process is clean and produces no carbon
dioxide or other toxic fumes. That’s non-polluting energy. The PV system has a high
reliability with at least 20 years of service time. The operating costs is low, because there
is no moving parts, the PV cells need little upkeep. Photovoltaic system also has a good
modularity due to their portability and sizebility. Usually photovoltaic system is near the
point where the electricity is used, thus the wires connection can be reduced and the same
to the construction time, the total construction costs can be reduced. Based from [101],
the PV panel production cost is $0.99 to 2.00/W (2007) plus installation and supporting
equipment unless the installation is Do it yourself (DIY) bring the cost to $6.50 to 7.50
(2007). As the price of PV cell itself is still decreasing, the PV system is very promising

for DG.

1. 3. Power Conditioning System

In nowadays distribution systems, many different types of DG from under 10 kW to

tens of megawatts generation are located around communities and industrial facilities.



When the power source of the DG does not meet the grid or load requirements, power
converter is required to bridge between the source and load to act as the Power
Conditioners.

Generally, a Power Conditioner for PV system will need to meet the following
requirements:

1) Power conditioner system can process power conversion from dc voltage into ac
voltage with the required frequency. The dc voltage can be higher or lower than the ac
voltage.

2) The power quality must satisfy the low total harmonic distortion (THD), voltage
and frequency deviation requirement.

3) Power conditioner system has protection for electric power systems, and some

also can have anti-islanding protection and electrical isolation if necessary.

1. 4. Outline Of The Thesis

The goal of this thesis is mainly to research power conditioning system for PV.
The previous topologies for PV inverter system were summarized and compared. In
addition, a novel Z-Source power conditioning system is proposed for split phase stand
alone PV system; also, the grid-connected three-phase Z-Source inverter system is
proposed and analyzed. For test purpose, the dc-dc converter based PV simulator system
is proposed and built. The outline of each chapter is listed as the following:

Chapter 2: Introduces the Photovoltaic system as the background for the whole
thesis.

Chapter 3: Reviews the inverter topologies for photovoltaic power conditioning



system. Compares of those topologies are presented. The advantages and disadvantages
for different topologies are also summarized.

Chapter 4: Proposes a novel Z-Source power conditioning system for split-phase
stand alone residential photovoltaic system. The design and control is analyzed. The
simulation and experiment results are presented to verify that.

Chapter 5: Proposed a dc-dc converter based PV simulator for Z-Source inverter
system for test purpose. A new combined voltage and current control method is proposed
and tested. The experiment results are shown for prove.

Chapter 6: Proposed a grid-connected three-phase Z-Source inverter with PV
simulator system. The design and control is proposed and discussed in detail. The
simulation and experiment results are shown to verify the proposed system and control
strategies.

Chapter 7: Summarizes the inverter topologies, and makes a conclusion for the
whole thesis. The contribution of the whole thesis is listed, and the future work is also

recommended.



CHAPTER 2. PHOTOVOLTAIC SYSTEMS

2. 1. Introduction

2.1.1 History Of Photovoltaics And New Trends

Renewable energy sources derive their energy from existing flows of energy, from
on-going natural processes, such as sunshine, wind, flowing water, and geothermal heat
flows. Now the most feasible alternative energy sources include solar power, fuel cell,

and wind.

2

The energy available at the surface of the sun is 60,000 kW /m*, where the sun’s

radiation at the top of the earth’s atmosphere is only about 1.4 kW / m2 . After it passes
through the atmosphere, about 80 trillion kW of solar radiation energy is available
globally. This is about 13,000 times the present world energy use [100].

The history of PV’s dates back to the early 19th. In 1839, Edmund Becquerel, a
French experimental physicist, discovered the photovoltaic effect while experimenting
with an electrolytic cell made up of two metal electrodes [12]. In the early 1950’s, the
Czochralski meter was developed for producing highly pure crystalline silicon. In 1954
Bell Telephone Laboratories p.roduced a silicon PV cell with a 4% efficiency and later
achieved 11% efficiency. Then with the development of the semiconductor technology

and PV module manufactory, now photovoltaic has a wide range of applications.



From the US PV roadmap [13], the goal of the industry is to meet 10% of US peak
electricity generation capacity by 2030. Figure 2.1 shows the different projections of the
Japanese, US and EPIA roadmaps [14]. PV generation shows promising in the near
future.

Now there are several major market players in US. For BP-solar, it was the number
two to sell 58 MW in 2001. Then there is shell solar, shell solar sold 44.4 MW in 2001.
And shell solar will invest 0.5 to 1 billion dollar in solar photovoltaics and wind energy
from 2001 to 2006. Astropower sold 26 MW in 2001. And there are also ASE-Americas,

United Solar Systems, Evergreen Solar, etc [14].
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Figure 2.1: Evolution of the solar electrical capacities till 2030 [14].

(Sources: Japanese, US and EPIA Roadmap)



2.1.2 Basics Of Photovoltaics

The basic element of PV system is PV cell. PV cell can produce electricity due to
quantum-mechanical process. Usually a PV cell consists of a p-n junction formed in a
semiconductor material similar to a diode. If light is incident on a PV cell, current will
flow when an electrical load is connected.

The characteristics of a PV cell are nonlinear. They depend on solar irradiation and
cell temperature. For most crystalline silicon solar cells the reductions in voltage with
increasing temperature is around 0.50 %/°C, though the rate for the highest-efficiency
crystalline silicon cells is around 0.35 %/°C . Averagely, the rate for amorphous silicon
solar cells is 0.20-0.30 %/°C, depending on how the cell is made [99]. Figure 2.2
shows I-V characteristics with constant temperature condition, and Figure 2.3 shows P-V
characteristics with constant temperature too. Similarly, Figure 2.4 shows I-V
characteristics with constant irradiation, while Figure 2.5 shows P-V characteristics with
constant irradiation. While for each curve there is only one operation point for maximum
utilization of power as shown in Figure 2.6. Thus maximum power point tracking
(MPPT) is used to control output power. There are several different methods to realize

MPPT.
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Figure 2.2: I-V characteristics with constant temperature.
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Figure 2.3: P-V characteristics with constant temperature.
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Figure 2.6: Maximum power point tracking.

2. 2. Types Of Photovoltaic Systems [15-18]

According to the different operation requirements, the component configurations, and
ways to connect the power source and loads, photovoltaic systems are generally classified
to three types: off-grid system (or stand-alone system), grid-connected system (or utility-

interactive system), and hybrid system.

Off-grid systems can also be classified to off-grid domestic system and off-grid non-
domestic system. Off-grid domestic systems provide the electricity for low power loads
(such as lighting), which used by households and villages that are not connected to the
utility grid. Systems of this type have been widely used to satisfy the energy demands of

off-grid communities. The system size is usually around 1 kW. Off-grid non-domestic
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systems providé power for a wide range of applications, such as water pumping,
telecommunication, etc. Figure 2.7 shows the general off grid structure of PV system. In

this system, a energy storage device, such as a battery pack, is usually required to supply

transient power at the peak load.
DC
Load
PV | Charge - | AC
Generator Controller ,\j 1 Load
Inverter/
Power
Conditioner

A1oneg

Figure 2.7: An Off-grid PV system.

Similarly, grid-connected systems can be classified to grid-connected distributed
system and grid-connected centralized system. Grid-connected distributed systems
provide electricity to a building or other loads that are connected to the utility grid.
These systems are widely used and account for most of the installed PV capacity.
Generally system capacity varies from 1 kW to 100 kW for different requirements.
When on-site generation exceeds the need of loads, the excess energy can be fed back to
the utility grid. With grid connected PV system, the distribution loss can be reduced

because the systems are installed at the point of user. Since no extra land is required for

12



PV systems, costs for mounting systems can be reduced. One distinguish feature of PV

system is that PV array can be used as roofing material as BIPV (building integrated PV).

Compared with off-grid installation, grid connected PV systems cost less because the

energy storage is generally not required. Figure 2.8 shows the grid connected structure of

PV system.
DC Bus AC Bus
R DC
PV > Load
Generator

— Grid

Battery [ > /\/ AC
Inverter/ Load

Power
Conditioner

Figure 2.8: A grid-connected PV system.

Besides the aforementioned two types of PV systems, there is an alternative solution
which is called as Hybrid PV system as shown in Figure 2.9. The hybrid system can
either works as a stand alone system or a grid connected system. It provides the end user
more options as the penalty of higher cost. Hybrid systems can be classified to three
types: series hybrid system, switched hybrid energy system, and parallel hybrid energy

system. Usually hybrid PV systems contain at least one other generation source such as

13



wind turbine, which is not a utility. Those systems can provide continuous power

whether the PV can provide enough power or not.

DC
Load
PV Charge Battery
Generator Controller
= AC
f\l Load
Engine
Generator, ,\’ Inverter/
wind turbine, — Power
grid backup Conditioner
Rectifier

Figure 2.9: A hybrid PV system.

2. 3. Inverters In Photovoltaic System

2.3.1 Introduction

Inverter is an electronic device that converts dc electricity to ac electricity. Because
solar panels and batteries can only generate and store dc electricity, while the appliances
people used from the utility grid need ac electricity, the inverter is the key part in the

power processing unit in PV systems.

Power Electronics inverters convert dc electricity to ac electricity by switching
mechanisms to break the continuous current into pulses. Nowadays, inverters can be

made small enough to along with laptop for working on the road, and large enough to



send megawatts of renewable energy into the utility grid. Different inverter has different
configuration, power output quality and expected service life.

The PV inverter is a costly and complex component of PV systems that convert dc
power to ac power from the PV modules. Inverter mean time to first failure (MTFF) is
around five years [19]. To minimize inverter cost and at the same time improve inverter
performance and reliability is the primary goal of PV manufactures. Since the inverter is
not only used in the PV system, but also used for other Distributed Energy Resources
(DER), such as wind, fuel cells, etc. The inverter requirements are similar that universal
designs with replaceable modules are the best solutions for a ‘next generation’ inverter
[19]. For all the residential grid-connected DG types, the inverter should be able to
convert between 2 and 10 kW of dc power, prevent islanding, reduce radio frequency
interference, provide the low harmonic distortion, and optionally provide backup power.
Therefore, the residential grid-connected inverters for solar, wind, and fuel cells can be
nearly identical.

Inverter technology is the key technology to have reliable and safety operation of PV
system. It is also required to generate high quality power to ac utility system with
reasonable cost. By means of high frequency switching of semiconductor devices with
Pulse Width Modulation-PWM methods, high efficiency conversion with high power
factor and low harmonic distortion power can be achieved. The remaining problem is the
cost.

In a PV system, the inverter has to realize the following functions:

1. convert dc power to ac power usable by most business and household

devices
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2. modify the voltage and current output from the PV array

3. converter the ac power to the specific voltage and frequency range of utility
network

4. safeguard the utility network system and its personnel from possible harm
during repairs

5. prevent damage to the PV array and other component during unusual
operating conditions

Major design considerations for inverters include their capacity, voltage rating and

battery capability. In addition, the high operating voltage minimizes transmission losses.
2.3.2 Types Of Inverters

As described before, there are various types of inverter configuration. Self
commutated voltage type inverter is employed in all inverters with a capacity of 1 kW or

under, and up to 100 kW.

The self commutated inverter has more advantages than the line commutated inverter.
The self commutated inverter can freely control the voltage and current waveform at ac
side, and adjust power factor and suppress the harmonic, and highly resistant to the
system disturbance. Therefore, most inverters for distributed power sources such as

photovoltaic generation now employ a self commutated inverter.

The self commutated inverter can be classified to voltage and current types. The
voltage type is a system in which the dc side is a voltage source and the voltage
waveform of the constant amplitude and variable width can be obtained at the ac side.

The current type is a system in which the dc side is the current source and the current

16



waveform of the constant amplitude and variable width can be obtained at the ac side. In
the case of photovoltaic power generation, the PV output is dc voltage, so the voltage

type inverter is employed.

Both the voltage control and the current control can be performed to the voltage type
inverter. The current control scheme is used more popular because a high power factor
can be obtained with simple control, and transient current suppression is possible during
disturbances, such as voltage changes in the utility power system. For the output ac

voltage control, general PWM control can be utilized.
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CHAPTER 3. SUMMARY OF PREVIOUS
WORK

3. 1. Introduction

For growing PV market, there is a lot of occupation for grid-connected applications.
And around 95% are used for AstroPower domestic residential business [20]. Now the
residential system power rating ranges from 1.6-9.6 kW. And customer can also choose
2.4, 3.6, 4.8, 7.2 kW sizes due to their requirements. For commercial system, the power

rating can be 10-300 kW or more.

Grid-connected PV system has the advantage of more effective utilization of
generated power. According to [20], PV grid-connected inverter systems have good
performance, including high conversion efficiency and power factor exceeding 90% for
wide operating range, while at the same time maintaining current harmonics THD less

than 5%.

With the development of power electronics devices and the corresponding
technologies, the cost and size of PV inverter reduced a lot recently. The progress of
circuit design of inverter and control methods also helps a lot. The control circuit also

provides protection functions like the maximum power point tracking.
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3. 2. PV Inverter Status [15-19]

In a PV system, the PV array output voltage cannot be applied to the load directly in
common. Thus the inverter is needed to process that. It is very important to make the

power meet the specific demand of the equipment.

There are various inverter employed in the PV system. Now for the PV inverter, the
input voltage is higher than ever, some up to 600 V. The single unit costs around $0.6-
$1.0/watt. The inverter efficiency is around 85% in average. The system becomes easier

to install with higher dc voltage input.

Inverter can be operated for normal fluctuations of voltage and frequency at the utility
grid side. The standard voltage and frequency for a single phase circuit is 120/240 V and
60 Hz in US, for a three phase circuit is 480 V and 60 Hz. For the standard values, the
inverter can operate substantially without any problems within the tolerance of 10% and

—15% for the voltage, and £0.4 to 1% for the frequency.

The operable dc voltage range is determined by the rated power of the inverter, rated
voltage of the ac utility grid system. For a capacity of 1 kW or below, the operable dc
voltage ranges from 14-25 V, 27-50 V, 45-100 V, 48-120 V, and 55-110 V. In addition,
for a capacity of 1 kW to 10 kW, the operablé dc voltage ranges from 40-95 V, 72-145 V,

75-225V, 100-350 V, 125-375 V, 139-400V, 230-450 V, 250-600 V, and 450-800 V.

The harmonic current from the inverter is very small, because the PWM control
scheme is used as the output waveform control of the inverter. Thus fewer problems

arise.
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The developments of PV system need more requirements for the inverter. For the
future application, inverters maybe need utility interactive and stand alone capability,

more reliability, longer life cycle, and lower failure probability.

3. 3. PV Inverter By Power Stage [20-38]

3.3.1 Introduction

Some power conditioning systems employ transformers in the topologies. Figure 3.1
shows that a line-frequency transformer (LFT) is located between the grid and inverter.
This transformer can avoid the injection of dc current into the grid. Figure 3.2 shows that
a high-frequency transformer is located in an HF-link grid-connected ac-ac converter.

Figure 3.3 shows that a high-frequency transformer is located in a dc-link PV-module-
connected dc-dc converter.

DC .
1 3% Grid
AC
T

LF

Figure 3.1: Line-frequency transformer.

DC AC

Gnd
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Figure 3.2: High-frequency transformer 1.
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Figure 3.3: High-frequency transformer 2.

For PV inverters, there also can be classified to the centralized inverter and
decentralized inverter. Figure 3.4 shows the centralized and decentralized inverter
topologies in [21]. Centralized inverter only needs only one inverter for the power
conditioner, but decentralized inverter needs more than one inverter to connect PV
modules to a common bus (dc, low voltage ac, or the grid). Compared those two
topologies, the one central inverter has the advantages of higher efficiency, lower cost,
and without the considerations of shading effects. The low voltage ac bus is best

selection as the common bus employed in the decentralized inverter.

+ Centralised i‘i:__ Decentralised
l+ ) + Central .
1 Grid E___—}— Unit  Crid
[ + +
i Central _ N

Inverter Common
T— | S —

Inverters

Figure 3.4: Centralized and decentralized inverter topologies [21].
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For different power stages, inverter systems can also be classified as single-stage
inverter and multi-stage inverter. Both of these two will be described in detail in the

following.
3.3.2 Single-stage Inverters

Single stage inverters only need one power stage to process power conversion from
dc to ac and boost the dc input voltage to required output voltage level as shown in
Figure 3.5. Single-stage inverters can be classified to four switch topologies and six
switch topologies. Single-stage inverters usually have a relative simple topology, and
employ the fewer components, thus cause a higher efficiency. The past literatures have

listed a lot of inverters for this type.

DC
PV Grid

AC

Figure 3.5: A single stage inverter.

3.3.2.1. Four switch topologies

Figure 3.6 shows a nonisolated boost inverter proposed by Caceres and Barbi [22].
The circuit employs two dc-dc converters, and the load is between the two outputs. Each
converter provides a unipolar dc-biased sinusoidal output with a 180 degree phase

difference. Therefore, the output waveform is pure sinusoidal. Figure 3.7 shows a buck-
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boost inverter proposed by Vazquez et al [23]. In this circuit, similarly to inverter in Fig.
3.6, two buck-boost dc-dc converters instead of boost converters are used in the system.
This system can generate output voltage lower or higher than the input voltage due to
buck-boost converter. Figure 3.8 shows a four switch buck boost inverter by Kasa et al
[24]. The input PV voltage can have a wide operation range, but requires split dc voltage
source. A Four switch isolated bidirectional buck boost inverter is shown in Figure 3.9
by Kj@r and Blaabjerg [25]. The advantage of this system is the galvanic isolation
provided by the two high frequency transformers due to the transformers. But the
transformer also will increase the system cost and lower the efficiency. Figure 3.10
shows a zero-current switching buck-boost inverter proposed by Wang [26]. The

advantage of this circuit is that the switching power loss can be reduced.

< Load ——
1K JK}
1 T L2 52
=, T

Figure 3.6: Four-switch boost inverter by Caceres and Barbi [22].
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Figure 3.7: Four switch buck boost inverter by Vazquez et al [23].
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Figure 3.8: Four switch buck boost inverter by Kasa et al [24].
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Figure 3.9: Four switch isolated bidirectional buck boost inverter by Kjer and Blaabjerg
[25).
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Figure 3.10: Four switch resonant buck boost inverter by Wang [26].

3.3.2.2. Six switch topologies

Figure 3.11 shows a six switch isolated buck-boost inverter proposed by Nagao and

Harada [28].

In this system, the energy storage inductor is charged from different

directions in each half cycle, thus provide an alternative output [28].

ALk

L2

C3L

Figure 3.11: Six switch buck boost inverter by Kusakawa et al [28].

Single-stage inverters usually have higher efficiency and lower cost, but the power

capacity is limited, and dc source range is also limited.
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3.3.3 Multi-stage Inverters

Multi-stage inverters have more than one stage to process power conversion as shown
in Figure 3.12. Dc-dc converters will perform usually voltage buck or boost or electrical
isolation, and then dc-ac can be performed to get the required output amplitudes and
waveforms. Multi-stage inverters can solve the problems when single-stage inverters

meet with high power, high performance requirement.

PV Grid

Figure 3.12: Dual power processing inverter.

A two-stage boost inverter is shown in Figure 3.13. In the circuit, a dc-dc boost
converter is ahead of the dc-ac inverter. With the first stage, input voltage is boost to
suited dc voltage, and output ac voltage can be obtained by a high frequency PWM
inverter through the second stage. The whole process flows as the dc-dc-ac process.
Figure 3.14 shows a two-stage nonisolated buck boost inverter proposed by Saha and
Sundarsingh [30]. This inverter was designed to operate a low dc input voltage as 100 V
due to safety reason, thus make the PV operate voltage range very small. The isolated
buck-boost inverter with a high frequency transformer shown in Figure 3.15 can draw the
power from the PV source even when the distributed generated dc voltage is low. The
inverters operate as current source inverter in line frequency in Figure 3.14 and Figure

3.15. The inverter in Figure 3.16 does not have the high-frequency transformer, but
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adding a capacitor to the charge loop of energy storage device. This inverter can have a
wide range of PV operate voltage. While, Figure 3.17 shows a flyback inverter with
enhanced power decoupling by Shimizu [32]. In this kind of inverter, the first stage has
the buck boost converter, the second stage has the flyback converter, and the last stage
has a transformer. The voltage across intermediate capacitor can have both the dc
component and ac component alternating at twice the frequency of the load. This system
can have a longer service life of inverter because the large electrolytic capacitor can be
replaced by the small intermediate capacitor. In paper [41], similarly topology has been
used. The first stage is dc-dc converter to boost voltage, and then the second stage
processes the dc-ac conversion. There are only four switches in the inverter operation in
line frequency, thus the dead time effects can be disregarded, and the line noise of
voltage and current caused by high frequency switching can be reduced. The above

several inverters all process as dc-dc-ac topologies.

Figure 3.13: Two stage boost inverter [29].
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Figure 3.14: Two stage nonisolated buck boost inverter by Saha and Sundarsingh [30].
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Figure 3.16: Buck-boost inverter by Funabiki et al [31].
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Figure 3.17: A flyback inverter with enhanced power decoupling by Shimizu [32].

Figure 3.18 shows a multi-stage boost inverter with pseudo-dc-link. The circuit has a
PWM dc pulse train. Compared to traditional dc-link, the dc filter in the pseudo-dc-link
can be eliminated. The inverter operates as line-frequency switching inverter to get the
required output voltage from the high-frequency dc pulse train. Therefore, the losses and
cost can be reduced because not all stages work at high switching frequency. Figure 3.19
shows a multi-stage boost inverter proposed by GEC [33]. During the last stage, the line-
frequency inverter processes the half sine wave to full sine waves and produces ac current
to the grid in phase without output filter. This topology has been applied to General
Electric Company (GEC) for 10 kW grid-connected PV systems [39]. Those above two

are both dc-ac-dc-ac topologies.
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Figure 3.18: Multi-stage boost inverter with pseudo-dc-link.
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Figure 3.19: Multi-stage boost inverter by GEC [33].
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Figure 3.20 shows a bidirectional dc-ac-ac converter proposed by Beristain et al [40].
In the topology, the second stage is a bidirectional ac-ac converter, and a high-frequency

transformer is also employed for voltage variation and electrical isolation.
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Figure 3.20: Bidirectional dc-ac-ac converter by Beristdin et al [40].

Paper [42] also discussed the cascaded dc-dc converter for PV power system. Buck,
boost, buck-boost and Cuk converters are checked as possible cascaded converters. The
results show that the boost converter is the best if a specific boost is needed. While
flexible in voltage ranges, buck-boost and Cuk Converters usually have the less efficient
and the higher cost. Figure 3.21 shows a cascaded inverter PV system [54]. More than
one single-phase H-bridge inverters are in series. The cascaded inverter used ready-made
ICs for class D audio amplifier was realized. The ready-made integrated circuits (ICs)
have the advantages to reduce the parts of the inverter and mass production [54]. Usually,
the class D audio power amplifier uses the ready-made ICs, but ICs could not provide
utility grid level. Similarly, The PV inverter for grid connected by the ICs without LFT
meets the same problem. The cascaded inverter can solve the problem and reach high

voltage efficiently.
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Figure 3.21: Cascaded inverter system [54].
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For multi-stage inverter systems, the high frequency transformers are generally used

to provide electrical isolation and voltage boost in the front stage, while the line

frequency transformers are usually used in the last stage to limit the switching losses.



3. 4. Industrial PV Inverter [37-53]

3.4.1 Introduction

PV system has the numerous markets in the world. More than 1900 MW of PV were
installed worldwide. Japan has the highest installed capacity, followed by Germany and

the US. Those three countries represent about two thirds of global PV capacity [43].

3.4.2 Manufacture PV Inverter
e  Xantrex

Xantrex’s inverter has a single stage employed with high efficiency transformer.
Figure 3.22 shows Xantrex PV series topology. A three phase bridge is used between the
PV array and a 60 Hz isolation transformer. The transformer steps the utility line-tie
voltage for more efficient power transmission. The circuit has the advantages that the
single stage makes the system more efficient, and much more utility grid-tie voltage
options can be selected due to the isolation transformer. The circuit has the disadvantage
that the overall system efficiency is lowed by using the transformer. The Xantrex
Technologies PV 10208 system uses this kind of topology inverter, and was tested at

Sandia National Laboratories. The efficiency is around 95%.
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Figure 3.22: Xantrex PV series topology [42].
* Ballard

Figure 3.23 shows the Ecostar Power Converter for PV applications. The topology is
similar to Figure 3.22. This inverter is a grid tie utility interactive inverter. The rated
voltage is 208 V or 480 V. The output frequency is 60 Hz. The PV array dc voltage
range is from 290-595 V. The current harmonic is less than 4%. PV array MPPT ranges
from 240 V to 600 Vdc. The peak inverter efficiency is 97% at 75% output. The peak
efficiency with transformer is 94.6% at 75% output [44]. This kind of inverter has been
installed in Chicago Center for Green Technology, Illinois. The number of kW hours

produced from a 76 kW array is around 13,274 kW hours.
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Figure 3.23: Ecostar Power Converte [44].

¢ Beacon Power
The Smart power M5 inverter is used for grid-connected PV system with battery backup.
A 5 kW grid tie PV power system is shown in Figure 3.24. The system employs the
dc/dc converter before dc/ac inverter. The PV operating ranges from 48 to 110 Vdc, DC
input battery voltage is 44-60 Vdc. AC output voltage is between 106 to 132 Vac (120
Vac nominal). Output frequency is 60 Hz nominal. And the total harmonic distortion is

less than 3%. The peak efficiency is 93%.
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Figure 3.24: Smart power M5 power system [45].

* Phoenixtec Power

Figure 3.25 shows Sunville grid tie inverter. For Sunville 1500, the output power is
1500 W, the nominal dc voltage is 360 Vdc, PV array MPPT operates 150-450 Vdc,
operational voltage is 196-253 Vac, the operational frequency is 50/60 Hz, THD is less

than 3%, the maximum conversion efficiency is 95%.
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Figure 3.25: Sunville inverter topology [46].

¢ Fronius
FRONIUS IG 2000-LV has the topology shown in Figure 3.26. The nominal output

power is 1.8 kW, the nominal output voltage is 240 V, the THD is less than 5%, the

maximum efficiency is 94.4%.
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Figure 3.26: FRONIUS IG 2000-LV [47].

Figure 3.27 shows the AJ series stand by inverters. For AJ 500, the battery voltage is

12V, the input voltage is 10.5-16 V, the maximum efficiency is 93%, the output voltage

is230 V(115

V).
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Figure 3.27: AJ series inverter [48].

e SMA

The SMA Sunny Boy inverter is not only the most popular grid tie PV inverter in
Europe, but also in North American. Over 250,000 Sunny Boy inverters have been
installed in worldwide. Figure 3.28 shows the Sunny Boy 1100U. The ac input voltage
is 213-262 Vac (nominal 240 Vac), ac input frequency is 59.3-60.5 Hz (nominal 60 Hz),
dc input voltage is 129-400 Vdc, the maximum ac power output is 1100 W, the power
factor is unity, the peak inverter efficiency is 93%, PV start voltage is 180 Vdc. Figure
3.29 shows Sunny Central SC125U. It is a 125 kW grid-tied string inverter for PV
system. For SC125U-240, dc input voltage is 275-600 Vdc, the peak power tracking
voltage is 275-550 Vdc, ac output voltage is 212-264 Vac (240 Vac nominal), current

THD is less than 3%, power factor is unity.
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Figure 3.29: Sunny Central [49].
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* Magnetek

Figure 3.30 shows AURORA isolated outdoor model: PVI 2000-I-OUTD-US. The
maxmium power rating is 2000 W, the absolute maximum voltage ranges from 0-600
Vdc(360 Vdc nominal), power tracking is from 90-580 Vdc( 360 Vdc nominal), nominal
ac voltage ranges from single phase 211-264 Vac, the nominal AC frequency is 59.3 to
60.5 Hz, the line power factor is 1, ac current distortion is less than 2.5% THD at rated

power with sinewave voltage, the maximum efficiency is 94%.

+ Boosterl || Inverter IsolationT PLM
b L
bl ¢ [T
- g - Grid
I Vnom=240Vac
PV Array
Voc=600Vmax BoostC | [ INVC
Vnom=360Vnom System controller
Vmin=150Vmin || Ground ]
Fault Fuse LCD PE

Figure 3.30: AURORA isolated outdoor model: PVI 2000-I-OUTD-US [51].
* PV Powered
Figure 3.31 shows PV Powered Starlnverter topology. For PVP2000-120, dc input
range is 135-450 Vdc, dc operating voltage ranges from 135-320 Vdc, operating ac
voltage ranges from 106-132 Vac, operating frequency ranges from 59.3-60.5 Hz,

nominal ac output voltage is 120 Vac.
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Figure 3.31: Starinverter PCS [52].

* SOLECTRIA

Figure 3.32 shows PVI13KW inverter topology. This inverter is used in 5-13 kW, 60
Hz, 208 Vac, 480 Vac, 3 phase, grid tied commercial PV systems. Multiple PVI13KW
inverters can be used together for 20-26, 38, 52 kW (ac) or larger PV systems. Fully
integrated design includes transformer, filters, ac & dc disconnects, dc combiner-fuses.
The maximum continuous power is 13.2 kW, power factor is unity, ac output voltage is
208/480 Vac, THD is less than 5%, ac frequency is 60+1 Hz, the inverter peak efficiency

is 94%, the MPPT voltage ranges from 225-385 Vdc.
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Figure 3.32: PVI13KW inverter system [53].
Also, micro inverter is a type of grid-tie inverter. These inverters are small, usually
less than 500 W, and are mounted directly on a solar module or in close to it. This type
of inverter reduces the amount of dc wiring and protective equipment used in a PV

installation. Xpower Micro inverters-800 has the continuous ac output power 640 W, ac

output voltage is 120 Vac inal, ac output freq y is 60+4 Hz, dc input voltage
range is 10.5-15.5 Vdc. This inverter has a wide application for cell phone, camcorder,
stereo, etc.

Inverter manufactures are developing new products to compete in the rapidly growing
North American grid tie PV markets. There are a lot of PV inverters in the market as

summarized in the following table.
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Table 3.1: Manufacture PV inverters.

(Xantrex, Ballard, Beacon, Phoenixtex Power [44-46, 53])

b
| e |
PV_ commercial e
inverter
Jantex PV | Bl | BeaconMs | Sunvle 1500
PCS topology dc/ac with dc/ac with dc/dc with dc/dc with
transformer | transformer dc/ac dc/ac
Ac output voltage 106-132 Vac 196-253 Vac
range
Acoutput voltage | 505 o | 208 vac 120 Vac
nominal
De input voltage 200-505 Vde | 48-110 Vde 260.Vee
nominal
Ac frequency 60+0.5/-.7Hz 60 Hz 60 Hz nominal 50/60 Hz
power factor >0.99 0.99 >0.99
THD <5% <4% <3% <3%
MPPT range 330-600 Vdc | 240-600 Vdc 50-85 Vdc 150-450 Vdc
Efficiency >05% (peak) | 94.6% (peak) | 93% (peak) 93%-95%
Battery 48V
Con.power rating 10 kW 30 kW 5 kW 1500 W
Weight 1151b/52kg | 4301b,3751b | 1201b/54.5kg 8.5kg
Dimensions(cm) 66*41*30 104*107*41 107*41*26 31.5%26.9*12




PV commercial

Table 3.2: Manufacture PV inverters.

(FRONIUS, Studer, SMA [47-49])

inverter
FRONIUS IG Sunny Boy SunnyCentral
2000 ATt 1100U SC125U-240
dc/ac with dc/ac with
PCS topology e transformer feae transformer
Acoutput | 515 964 vac | 219242109 | 513960 Vac | 212264 Vac
voltage range 121 Vac
R 240 Vac 230/115 Vac 240 Vac 240 Vac
voltage nominal
De input voltage | 270Vde 10.5-16 Vde | 129-400 Vde | 275-600 Vde
nominal
Ac frequency 59.3-60.5 Hz 50/60Hz+0.05% 59.3-60.5 Hz 59.3-60.5 Hz
power factor 1 1 1
THD <5% <4% <3%
MPPT range 150-400 Vdc 145-400 Vdc 275-550 Vdc
Efficiency 94.40% 93% 93% 95.70%
Battery 12 V battery
Con.power rating 1800 W 400 W 1100 W 125 kW
Weight 261b/11.8kg 4.5kg 56.261b/21kg | 33071b/1500 kg
Di i cm) | 47*41.8*22.3 14.2*8.4*24 32.2*32*18 235*150*60
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Table 3.3: Manufacture PV inverters.

(Magnetek, PV Powered, Solectria, Xantrex [50-53])

PV commercial
inverter
Aurora PVI- PV Powered Solectria Xpower Micro
2000-I-OUTD | PVP2000-120 PVII3KW Inverter800
dc/dc with . . .
PCS topology do/ac with dc/ac with dc/ac with dc/ac with
transformer transformer flyback
transformer
Ac output single phase i
voltage range 211-264 Vac 106-132 Vac
Ac output 120Vac | 208/480Vac | 120 Vac
voltage nominal
. 0-600Vdc
Dc input voltage (360nominal) 135-500 Vdc 10.5-15.5Vdc
Ac frequency 59.3-60.5 Hz 59.3-60.5 Hz 60Hz+1Hz 60Hzt4Hz
power factor 1 1
THD <2.5% <5%
MPPT range 90-580 Vdc 135-360 Vdc | 225-385 Vdc
Efficiency 94.00% 93% 94% 90.00%
Battery Yes
Con.power 1500 W 2000 W 1320 W 640 W
rating
Weight 25kg 761b 3801b/173kg 11bdoz/852g
Dimensions(cm) 42%32.6%23.2 38.1*19.1*55.3 87.6*66*34.5 19.1*%11.4%6.1
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CHAPTER 4. Z-SOURCE INVERTER BASED
POWER CONDITIONING SYSTEM

4. 1. Introduction

With the development of solar cell technology, the price of solar module has dropped
dramatically. Recent worldwide survey shows that in last three years, the retail price of
solar module has dropped 16.95%. However, at the same time, the prices for the PCSs
almost remain the same. Further more, compared with converters used in drive systems,
the prices for the converters used in PV systems are still up to 50% higher. To lower the
cost of the PCSs has become a very urgent issue of grid connected PV system [1].

PCS is required to convert the dc output from PV to grid synchronized 50 or 60 Hz ac.
Here a Z-Source inverter based PCS, which connects the PV arrays for residential
systems that are 60 Hz, 120/240 V split phase power in the US was proposed. By
utilizing the Z-Source inverter, the number of switching components and the total volume
of the system can be minimized. Moreover, the Z-Source inverter makes it possible to

use PV that has a wide range voltage change. Thus the cost of the PCS is minimized.
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4. 2. The Basics Of PCS For Residential Use

In order to feed energy from a PV array into the utility grid, PCS converter system

has to fulfill the following three requirements:

1) to convert the dc voltage into ac voltage;

2) to boost the voltage, if the PV array voltage is lower than the grid voltage; and
3) to insure the maximum power utilization of the PV modular.

Figure 4.1 shows the two most commonly used converter system configurations in
practice. In the system shown in Figure 4.1(a), a transformer at line frequency is utilized
to boost the voltage after the dc-ac inverter. Usually, a line frequency transformer is
associated with huge size, loud acoustic noise, and high cost. In addition, the inverter has
to be over-sized to cope with the wide PV array voltage change. The KVA rating of the
inverter is doubled if the PV voltage varies at a 1:2 range. So to eliminate the
transformer and to minimize the required KVA rating of the inverter, in many
applications, a high frequency dc/dc converter is used to boost the voltage to a constant
value as shown in Figure 4.1(b). Unfortunately, the switch in the dc-dc converter
becomes the cost and efficiency killer of the system [2-3].

Another option is to use a single-stage inverter for direct dc-ac conversion as shown
in Figure 4.2. For the split-phase system used in US residential power, two 120 V ac
outputs with the same ground and 180 degree phase difference are required. For this
purpose, there are two circuit choices for the dc/ac inverters in the PCS: four-switch
inverter and six-switch inverter. The circuit structures of these two choices are shown in

Figure 4.2.
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Figure 4.1: The traditional PV systems.
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Figure 4.2: Direct PV inverter systems for £120 V split phase residential power.

For the four-switch inverter as shown in Figure 4.2 (a), the neutral point is tapped

from the center of the two dc capacitors, whereas in six-switch inverter shown in Figure

4.2 (b), the neutral point is connected to the third phase leg.
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The two phase legs in the four-switch inverter are controlled by SPWM. Two
sinusoidal control references with a 180 degree phase difference and the same amplitude
are utilized to compare with a triangular carrier.

The basic control scheme of the six-switch inverter is shown in Figure 4.3. Two of
the phase legs, “b” and “c”, have the exact same SPWM control as in four-switch inverter.
The third phase leg, “a”, is usually controlled to produce a square waveform with 50%
duty ratio at the carrier frequency to serve as the neutral phase and at the same time
achieve the maximum utilization of the dc bus voltage. The switching frequency of the
third leg can be different from the other two phase legs. By proper coordinating the
control of the neutral phase leg and the other two phase legs, the equivalent switching
frequency can be doubled, thus the output filter can be optimized. It is generally believed

that the six-switch inverter has better performance than the 4-switch inverter for the split-

phase application [4].
*
Vb
* /
N\ Va
,, /
ciN V
Sap J 1 J 1 ] 1 J 1
Sbp
Scp o [ic..
fan | I 1 | | I | |
Sbn
Sen | m N

Figure 4.3: The six-switch inverter control scheme.
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4. 3. The Proposed Z-Source Inverter System

In the proposed PCS, a Z-Source inverter [5] is utilized to realize inversion and boost
function in one single stage. Figure 4.4 shows the proposed system. Unlike the

traditional voltage source or current source inverters, the Z-Source inverter employs a
unique impedance network with split inductor L, Ly and capacitor Cj, Cp connected

in X shape. With the impedance network, the Z-Source inverter can advantageously use
the shoot through states to boost voltage. Further more, with the ability to handle shoot
through state, the inverter system becomes more reliable [5-6]. The inductors and
capacitors in the Z-Source are both energy storage devices, so their value can be
optimally designed to ensure small size and low cost.

Compared with the systems in Figure 4.1, in the proposed system, there is neither
bulky transformer nor a dc-dc converter to boost the voltage in the circuit. The size and
cost are minimized. Because no dead time is needed, the control accuracy and harmonics
can also be improved. Further more, the split-phase Z-Source inverter naturally inherits
all the advantages of the split-phase six-switch inverter. Thus, the 120 V ac output filter
can be optimized.

Compared with the direct inverter systems in Figure 4.2, the Z-Source inverter has
minimum KVA requirement. For the inverter system in Figure 4.2 with a PV voltage
change of 1:2 ranges, the PV dc voltage needs to be 340-680 V minimum to produce a
1120 V split-phase power. Therefore, 1200 V IGBTs are needed in the system. Given a
10 kW PV system, a 20 kW inverter is needed to cope with the voltage change. Using

the proposed system of Figure 4.4, the PV voltage can be designed to be 225-450 V,
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which can be inverted to £120 V split-phase power by the Z-Source inverter using 600 V
IGBTs. In addition, the required KVA rating of the Z-Source inverter remains the same

10 kW for a 10 kW PV system.

J'J} JG i3 i1

w —
Sbl ¢ Hvi 120/240
" vt V3 60Hz
Sb2| Se2 { gl ——'  Split Phase

’K}} ’K}} 178 )

Y
—d

PV array Z-Source 3-phase Inverter

Figure 4.4: The proposed PCS for stand-alone PV system.

Therefore, by utilizing the Z-Source inverter, the volume, the cost as well as the
number of active switching devices are minimized. Because of the single stage
operation, the efficiency of the system can be greatly improved. The proposed system:

1) has only one stage to realize inversion, boost, and maximum power tracking;

2) has the minimized number of switching devices;

3) needs no dead time;

4) can have shoot through state in the inverter; and

5) inherits all the advantages of the six switch inverter system.
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4. 4. Control And Operation Principle

As shown in Figure 4.3, when the triangular waveform is greater than the maximum
value or lower than the minimum value of the three reference waveforms, all upper three
switches or all bottom three switches are tuned on respectively, as indicated in the
shadowed area. During these periods of time, the output voltage of the inverter is zero,
1.e., zero states. For the Z-source inverter, the basic idea of control is to turn zero states
into shoot through states and keep the active switching states unchanged, thus we can
maintain the sinusoidal output and at the same time achieve voltage boost from the shoot
through of the dc link [5-6].

Figure 4.5 shows the boost control method of the split-phase Z-Source inverter.

Phase legs “b” and “c” are controlled by SPWM to synthesize ac output, and the shoot-

*
through command, Vs*p and Vg, is used to boost voltage as desired. The control of

these two phase legs is similar to the simple boost control proposed in [5] and [6]. Two

%*
straight lines, Vs’;) and Vg, are used to control the shoot through duty ratio. When the

carrier is greater than the upper straight line, phase leg “b” goes to shoot through state,
whereas phase leg “c” goes to shoot through state when the lower straight line is greater
than the carrier. Phase “a” in the inverter is switching at 50 percent duty cycle without
shoot through. The switching frequency of phase “a” is the frequency of the carrier. By
doing this, each phase leg only shoots through once during one carrier cycle, the

equivalent switching frequency can be doubled for the output filter.
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Figure 4.5: Sketch map of the simple boost control.

As described in [5] and [6], the inductors L] and L7, which can be wounded around
the same core, have the same inductance, and the capacitors C] and C2 have the same

capacitance, the relationship between the output ac voltage and input dc voltage is found

as

\70=MB~VPV/2, 4.1
where V,, is the output peak voltage, va is the PV output voltage, M is the
modulation index, which is defined by

M =Vpeak Viris 42
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and B is the boost factor, which is determined by

1

B=————, 43)
1-2-To/T

where T{) is the total shoot-through period per carrier cycle, and T is carrier cycle. In

the simple control method [5,6], the amplitude of the two straight lines is the peak of
modulation waveform, therefore the relationship between modulation index, M and the

shoot through ratio, 7() /T can be found as
To/T =1-M. 4.4)

Substituting (4.4) into (4.3), the boost factor becomes:

1
B= PTVh (4.5)
From (4.1), and (4.5), the peak amplitude of the output can be expressed as
5 =WM_5VPV. “6)
While the capacitor voltage is:
1‘T70 B+1
Ver1=Ver = 1__2_T_Qva = Vpv 4.7)
T

When the PV output voltage value is high enough to produce the required ac voltage,
the shoot through state is no longer needed, i.e., 7() =0 and B=1. Under this

condition, the relationship between the inverter peak output voltage and the PV output

voltage can be calculated by
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G =MVpy /2. (4.8)

It also should be noted that the shoot-through states can be created by shorting both
legs “b” and “c”, or all the three legs simultaneously during any given shoot through
states according to the two straight lines. For all these shoot-through cases, the resulted
boost effect and output voltage waveforms remain the same.

In the proposed control scheme, only one phase leg is used to create shoot through at
any time, thus minimizing the switching frequency. However, at the same time, the
current stress on each switch during shoot through is doubled when compared with
shooting through two phase legs simultaneously at any time. A trade off in the control
must be made, one can

1) either reduce the switching frequency by shorting one or two phase legs; or

2) reduce the current stress on each device by shorting all phase legs during shoot-

through periods.

To make a decision in real applications, the switching and conduction losses at

different conditions need to be calculated and investigated for different cases.

4. 5. Design Guideline

In the Z-Source based PCS, the maximum voltage over phase legs Vpn is controlled

to maintain the split phase output at different input voltages. For 120 V split phase
output, PV cell with maximum output voltage of 450 V can be used. Assume the

minimum output voltage is half of the maximum voltage, to achieve the same output ac
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voltage of 120 V, the device voltage stress can be calculated by manipulating (4.5) and

(4.6), which results

Vp

n= Bva =455. 4.9)
Thus, 600 V device can be used.

The maximum current stress on the device can be simply calculated based on the

following equation

A max / A ma:/ P
2 avg
Im +21] = +2 . (4.10)

Where I, is the Z-source inductor current, Fnax is the maximum transient output
power, and Pavg is the average output power. The current stress can be reduced by
turning on two or all phase legs during shoot through to distribute the 2/, into different
phase legs.

To determine the inductance and capacitance of the Z-Source network, the input
power is assumed to be constant dc. The ripple power is absorbed by the capacitors of

the Z-Source network. The power ripple absorbed by the capacitors is calculated

1
480 1 2 1 )
AP=P | COS(l20*2*ﬂ)tdt=5C(V+AV) ——2—CV , @.11)
1
480
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where V' is the average voltage across the capacitor, C is the total capacitance of two
capacitors in the Z-source. To limit the voltage ripple to be less than x% , the capacitor

value can be calculated.

Based on the voltage ripple across the capacitors, the ripple voltage across the
inductor is the voltage difference between the capacitor and the voltage across the PN.

The capacitor voltage is already known with x% ripple. The PN voltage is zero during

shoot through and 2V — va for others. Assume the input voltage is a constant dc
value, the PN voltage ripple is 2V Dy, therefore, the voltage ripple across the inductor
is

Vvipple = (1- 21 %) *x%*V . (4.12)

To limit the ripple to a special percent, the inductance can be determined.

4. 6. Simulation And Experiment Results

Photovoltaic solar cells have nonlinear V-I characteristics. Its output voltage and
power change according to temperature and irradiation. Figure 4.6 shows the typical V-I
characteristics for a PV module. For a specified temperature and irradiation, the
intersection of the load line with the photovoltaic voltage-current characteristic, is the
operation point. In real practice, PV modules are first cascaded then paralleled to form

PV array, thus to meet the voltage and power requirement.
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Figure 4.6: Typical V-I and P-V characteristics.

Figure 4.7 shows the V-I curves of PV array at different temperatures and irradiations.
Usually the photovoltaic output voltage changes mainly with the temperature, while the
photovoltaic output current changes mainly with the irradiation. With constant
irradiation specified, the PV output power decreases when the temperature rises. With
constant temperature specified, the PV output power increases when the irradiation
increases. One of the functions of the PCS is to extract the maximum power out of the
photovoltaic at any given temperature and irradiation. Based on the curves shown in
Figure 4.7, simulations and experiments are performed to prove the concept proposed in

this thesis at the following two conditions:

2

1) at 1000 W /m*“, and 60 °C, va =230 V, the maximum PV output power is 7200

W,
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2

2)at250 W/m* and 0 °C, va =450 V, the maximum PV output power is 3360 W .
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Figure 4.7: V-I characteristics under different conditions.

For both cases, the simulation and experimental systems are setup with the following
parameters: L} =Ly =1 mH at the line frequency and C] = Cp =13,300 F . The
switching frequency is 10 kHz. Z-source inveﬁc; produces PWM voltage waveforms just
like the traditional inverter. Thus, a LC filter is added after the inverter to achieve
sinusoidal waveform. The filter parameters are L =1 mH and C =120 uF. We

assume that output voltage range of PV arrays is 1:2. So 600 V IGBTs, which has
maximum dc voltage as 450 V, was used to operate in 225-450 V in experiments.

Resistive load is used for the simulations and experiments. For case one, 4 Q is used for
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each phase, whereas 8.57 Q is used for case 2. A 10 kW Z-Source inverter prototype

used in the experiment is shown in Figure 4.8.

e
- ™ Gate Drive
Diode Bridge iy -

e

5 = DSP Control
e ‘.

Figure 4.8: A 10 kW Z-Source inverter prototype.

Case 1: 1000 W/m2

and 60 °C, Vpy, =230V
For the first case, the input voltage, va, is 230 V, to achieve 120 V split phase

output, the modulation index can be calculated by the following equation, which is the

inverse of (4.6):

AR 2x~/2x120

= = =0.755 (4.13)
49 —Vpy  4x42x120-230

The boost factor is
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B=—Ll 1961 (4.14)
2M -1

Thus the shoot through duty cycle T(y /T can be calculated from (4.3), which will result

a I /T equals to 0.245. The Z-Source capacitor voltage would be

1-Ty/T y 1-0.245

— 0y =— """ 230=340 V. 4.15
1-2Ty /T P 1-2x0.245 @1

Ver=Vea =

Figure 4.9 and Figure 4.10 show the simulation and experimental results of case 1.
Figure 4.9(a) and Figure 4.10(a) show the simulation and experimental waveform of the
input voltage and Z-Source capacitor voltage waveforms, respectively. In both
simulation and experimental results, the capacitor voltages are close to 340 V.
Meanwhile as shown in Figure 4.9(b) and Figure 4.10(b), the simulation and
experimental results of the output voltages are both close to the desired split phase 120 V
rms. The output power can be calculated based on the output voltage and the load current
waveforms, which are also shown in Figure 4.9(b) and Figure 4.10(b). As the load
current is 30 A, the total output power of the inverter is around 7200 W. Thus the
maximum power output from the PV at this condition is realized. Figure 4.9(c) and
Figure 4.10(c) show the output filter inductor and Z-Source inductor current. The Z-
source inductor average current is around 31 A, which on the other hand, proofs again
that the PV outputs its maximum power. Both the simulation and experimental results

are consistent with the theoretical calculations.
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Figure 4.9: Simulation results of case 1 under the conditions of

1000 W /m? 60 °C, and ¥, =230 V.
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(a). Input Voltage and Z-Source capacitor voltage.

64







Figure 4.9 Continues:
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Figure 4.9 Continues:
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(c). Filter inductor current and Z-Source inductor current.

66




Figure 4.10: Experimental results of case 1 under the conditions of

1000 W /m?%, 60 °C, and Vpy =230 V.
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(a). Z-Source capacitor voltage and Input Voltage.
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Figure 4.10 continues:
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(b). Load voltages and currents.
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Figure 4.10 continues:
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(c). Filter inductor current and Z-Source inductor current.
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Figure 4.10 continues:
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(d). Input current Iin and load voltage.

Case 2:250 W /m? and 0 °C, Vpy =450V

For the second case, as the input voltage is much higher, va =450 V, the control
strategy is different with the first case. Shoot through is not used for this case.
The modulation index can be calculated as following

20, 2x+/2x120
i 450

M= =0.755. (4.16)
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As no boost is needed for this case, the boost factor B is 1. Thus, the Z-Source
capacitor voltage would be the same as the PV voltage, which is 450 V. Under this
condition, the theoretical maximum output power from PV is around 3360 W.

Figure 4.11 and Figure 4.12 show the simulation and experimental results of case 2.

Similar as in Case 1, the simulation and experimental results also verify the analysis as

well.
Figure 4.11: Simulation results of case 2 under the conditions of
250 W /m?%,0 °C, and Vpy =450 V.
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(a). Input Voltage and Z-Source capacitor voltage.
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Figure 4.11 continues:
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(b). Load voltages and currents.
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Figure 4.11 continues:
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(c). Filter inductor current and Z-Source inductor current.
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Figure 4.12: Experimental results of case 2 under the conditions of

250 W /m?%,0 °C, and Vpy =450 V.
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(a). Z-Source capacitor voltage and Input Voltage.
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Figure 4.12 continue:
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(b). Load voltages and currents.
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Figure 4.12 continues:
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(c). Filter inductor current and Z-Source inductor current.
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Figure 4.12 continues:

Main: 10k
1 mmeany

: V1 (100V/div) ;
Ch2 1:1 Ch4 1:1
10mV/div | 0.200V/div

DC50 Full DC Full

(d). Input current Iin and load voltage.

From the above two cases, it can be concluded that the simulation and experimental
results show that at different input voltage, the proposed PV system’s output voltage
maintained at + 120 V rms, whereas the output power tracked the maximum PV output
power at different temperatures and irradiations. The basic principle of the proposed

system was verified.
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4.7. Summary

A new PV power conditioning sslstem based on Z-Source inverter is proposed. The
proposed system realizes the boost and inversion with maximum power tracking in one
single power stage, thus minimizing the number of switching devices. All the advantages
of Z-Source inverter and six-switch split-phase inverter are inherited and integrated
together to create a highly reliable PCS system with minimized volume and cost. With
the advanced features summarized in section III, the proposed system is very promising

for PV power conditioning applications.
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CHAPTER 5. PV SIMULATOR SYSTEM

5. 1. Introduction

The PV system performance depends not only on temperatures and irradiations, but
also on maximum power tracking function of PV inverter. So it is important to verify the

inverter system also.

To evaluate PV inverter system, ideally the inverter need be tested through the entire
range, as shown in the Figure 5.1. One method is that inverter is connected to the
appropriate size of PV panels in a sunny day, and PV panels’ output characteristics are
recorded. This method has the disadvantages that the limitations of sized PV panels, the
unexpected weather conditions, and the long running time. Another way is to use a PV
simulator, which is able to produce repeatable conditions respect of environment

conditions.
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Figure 5.1: Typical PV module curves.

5.2. Previous PV Simulator

There already exist some methods to build up a PV simulator model for simulation,
but not too many literatures for hardware implementation. Most of them are capable for
low power rating application; some are capable for medium and high power rating. The
core technology of the simulator circuits is a control circuit that simulates PV I-V
characteristics curves. People can approach it use microcomputers or some other analog

techniques.
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Figure 5.2 shows a PV simulator concept in [62]. In this paper, a Si and
polycrystalline panels with a simulated light source were used. The output current and
voltage were recorded as a function time. With the use of class A regulator and switched
operation, the fast dynamic response can be achieved. The internal current control which

allows additional units to be connected in parallel in order to get higher output currents.

Power Supply Module

-

il A

= et

._] B
= 1
’_] © Class A
. Regulator
Vdes + Verr
oY D_
Dynamic
Inverter
Load
Comparators CT

g <« Vdes ]
C <«

Figure 5.2: PV simulator concept [5].
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Figure 5.3 shows a block diagram of the PV generator simulator circuit in [63]. In the
circuit, the output of a pn photo sensor, just like a small solar cell, was magnified through
a dc power amplifier. The maximum power is around 30 W. But this method is not

suitable for high power cases.

Small PV cell )
DC power amplifier
Output
Light |11 AL —M-—Zp
ﬁ &
T

Operational point control

Figure 5.3: Block diagram of the PV generator simulator circuit [63].

Also, some test equipments used lamp to simulate the solar irradiation with its
consequent need of huge power for bigger power rating larger than 1 kW, thus to
eliminate atmospheric dependency [64]. Others tried to use a current source and a diode
chain, which can represent a PV panel through its electrical scheme. But it is still have
thermal stability problems and was limited by its diode chain’s fill factor. Due to the
reasons above, the PV simulator which are applicable for high power was designed in this

thesis.
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Figure 5.4: The circuit of the simulator with a light emission unit [65].

There already exist some commercial PV simulators in the market, for example
Ainelec. This simulator is based on a simplified curve which has the short-circuit current,
the open-circuit voltage and the maximum power point. The curve is composed of two
parts. The first part is decided by the short-circuit point and the maximum power point,
while the maximum point and the open-circuit point works for the other one [92]. This

simulator makes the curve simple, but not accurate.

For simulator from Elgar solar, it is has a wider power range and better controllability.
The simulator can output more array strings through building blocks [93]. This one is

much more complex than the Ainelec.
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5. 3. Proposed PV Simulator

5.3.1 Mathematical Modeling Of PV Cell

In this thesis, a dc-dc converter which can output I-V curves was designed and
implemented. To have the I-V curves from the manufacture PV panel, we first need to
get the mathematical model in order for it to be useful in a computer controller simulator.

Figure 5.5 shows an equivalent circuit of a PV cell. The short circuit current [, is

ideally equal to the generated light current / ph-

A R I
Tph ( i Sp . .
S)

Figure 5.5: An equivalent circuit of a PV cell.

The open circuit voltage V.. is expressed as the following:

I
Voe = L2l LT G.1)
q I

Where, [ ph is generated light current, /,, is saturation current of diode, k is

Boltzman constant, ¢ is electric charge, and 7' is operating temperature.
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The output current is dependent on temperature since the current increases slightly as

the temperature increases. However, as the temperature increases the open circuit voltage

tends to decreases. Relationship of the open circuit voltage ¥, and short circuit current

I ¢ according to the operating temperature variation is as follows,

Igo=1,-e9Voc! kT (5.2)

The diode saturation current can be represented as,
Iyps =1py - (%—)3 : CXP[% : (TL, —%;)] (5.3)

The generated light current can be represented as,
Iph =[1scr+kt'(Tc"Tr)]‘—S‘ (54

100

The operating temperature for output characteristics of PV array can be represented:
T=(0.3x8)+(0.9xT,)+273 (5.5)

So the output current-voltage characteristics of PV array can be represented as

equation (5.6) and it generates nonlinear output.

v
1=Np-Iph—Np-I,s.[exp(K‘;,A-N—s)—l] (5.6)

For a given module, SM 60 module shown in Fig. 5.6, the PV array parameters can be

listed as the following:
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Table 5.1: The PV array parameters (SM-60 Module).

Figure 5.6: The output characteristic of the SM-60 module.
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To parallel nine PV cells and series twenty one PV cells, we can get the desired
output PV simulator output characteristics shown in Figure 5.7. It is noticed that the
parameter values must be changed, depending on the manufacturing process and type of
PV cells. The parameter values given here are only for this particular PV array. To
change the temperature and irradiation parameters, we can get different curves for PV

array. Regardless of values chosen, the DSP controlled PV array will function properly.

Solar Cell (SM-60, 21x9)
40 20
35t 118
20 116
_ {14
= ] Maximum g
= | 25
g Power 12 =
i % 5
B li1s} 8 | &
S 10 | 6
%% 1 4
5t 3 |,
[ ]
o
0 42 84 126 168 210 252 294 336 378 420 462

Output Voltage (V)

Figure 5.7: The PV simulator output characteristics.

5.3.2 Control Strategies

There are voltage control and current control for simulator. As voltage control, the
output current is measured and used as index to look up the reference voltage for
simulator. While as current control, the output voltage is measured and used to look up

the reference current. However, PV characteristics are nonlinear, which is a current
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source when resistive load is small and is a voltage source when resistive load is great
enough. At current source segment, the change rate of voltage is large while the change
rate of current is small, which as a result is infeasible for measured current to look up
voltage reference practically. Thus, only voltage control and current control can not

satisfy the requirement.

For PV array, the V-1 curve changes due to the temperature and irradiation
nonlinearly. This nonlinear characteristic source can be simulated by a dc chopper.

Figure 5.8 shows the proposed PV simulator and its control strategy.

The method is to use a DC/DC converter to simulate the PV output characteristics, by
producing voltage and current defined by PV curves for specified temperatures and
isolations. For the simulator, as a current regulator, the voltage is measured and input to
the memory which gives a desired current value based on a look up table. As a voltage
regulator, the current is measured and input to the memory which gives a desired voltage
value based on a look up table. A PI controller is used to adjust the switch duty ratio to

achieve desired output voltage.

Because PV inverters always start from open circuit condition, and then approach to
their MPP and oscillate around it during the real cases. The dynamic response of the PV
array simulator is of particular in order to avoid any significant impact on the MPPT and

current control of the inverter’s input stage.
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Figure 5.8: Proposed PV simulator and its control strategy.

To see the detail of voltage control as shown in Figure 5.9, we assume PV simulator
works at a point A originally. When the equivalent load of simulator changes from R] to
R, the operation point will change to point B at first since there is a capacitor at output
side and the output voltage could not change immediately. According to the voltage
control rule, current /g7 + Al] is measured and the voltage reference Vg7 + AV
(point C) will be given after looking up I-V table, as a result, operation point will move to

point D.

The relationship between A¥] and AV7, Alj and Al is:
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Kp=—r :

R AN G-D
An

Kpy =—— :

PV AV2 (5.8)

|AV,|=[AR|-|KR /K py | (5.9)

Where K p is the slope of the load curve, K py is the slope of tangential line at
supposed operation point on PV curve. It is clear that IK R/K PVI plays a key role in
the adjustment procedure of operation: if IK R/K PV|<1, and AV) <AV}, operation
point right on the current-voltage curve of PV simulator (point E) will be achieved after
several adjustments; if |K R/K PVI>1, and AV) 2 AF1, then the control procedure

would not arrive at stable point.

The equivalent load of PV simulator is resistive load, thus one can get K as

dl
Kp= Rp _ 1 (5.10)
dVRL Ry
dl
Kpy = T =—K1K2eK2V (5.11)

q .
KTAN

Where K1 = Nplye, K3 =

Thus, one can get the critical point where IK R/K PV| equal to one.
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1

PR o

= (5.12)
K1Kjpe

Rl

Where R( is critical load.

When Ry, > R, voltage control will work effectively based on above analysis; on

the contrary, when R, jpes Rc, current control will have a better performance.

It PV Curve (Kpv) R2 (KR)
C B
E IAII
1R2 ———————————— ——— - -
Al T & | S Ry
i AV, AV el
e A
,”4/‘
LA T |
osea T |
2 |
0 VRr2 v

Figure 5.9: Analysis of voltage control.

This thesis applies a hybrid control strategy based on above analysis. The PV curves
were divided to three regions shown in Figure 5.10. When R, > Ry, voltage control is
used. Voltage reference is given by measured current through I-V table. While

Ry < R}, < Ry, the measured equivalent resistance is used to look up reference voltage.

This is because at the maximum power point whereiKR /KPVI equals to 1, using
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either measured current or measured voltage to look up table would suffer an oscillation

(|AV1| :]AV2|), while the value of measured resistance is relatively stable no matter
how much measured voltage or current is. When Ry, < Ry, current control method is

applied. In order to avoid frequently switching between two control method when Ry, is
around Ry or Ry, an overlap is set at each boundary (i.e. Ry £ AR, Ry +AR) in

practice.

Current (A)

0 S Sy e S S NI, (S (e T

0 40 80 120 160 200
Voltage (V)
R e g R, Current Control

Voltage Control
(Resistor)

—————— Voltage Control
(Current)

Figure 5.10: Combined voltage and current control divisions.
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The simulator act electrically as real solar module for a consumer load, but take the
energy from the public grid instead from the sun. The advantage compared to a real solar
module is, that the PV simulator makes its power available independent from time and
weather situation and additionally the user can change the values of the simulators in
wide range. So certain conditions can be produced independently of the weather exactly

when they just are required.

5.3.3 Hardware Designs

To build up a PV simulator, the inductor and capacitor need to be designed. The
requirement of inductor design should follow the way that the converter need operate
under the continuous conduction mode. Also, satisfy the power rating and current ripple

requirement. The inductor should be calculated:

L>Y4=D) (5.13)
SAl pk
The output capacitor, to satisfy the voltage ripple requirement:
C2 DI (5.14)
JAV pk

Where D is the duty cycle in which converter runs at maximum power,

f is the switching frequency,

Al pk is the peak to peak inductor current ripple,
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V' is the output voltage under maximum power,
1 is the output current under the maximum power,

AVpk is the peak to peak capacitor voltage ripple.

5.3.4 Experiment Results

Experiment for the PV simulator is based on the Figure 5.11. The maximum output

voltage is happened on 400 V. And the maximum output current is 26 A.

30
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= 75% .
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Q
MY
£
S| 10

5

0

2 59 116 173 230 287 344 401

Output Voltage (V)

Figure 5.11: PV simulator for resistor load conditions.

To test the PV simulator, we used the resistive load. Figure 5.12 shows the

experiment results for load change conditions. During the load change, the output
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voltage and current still follow the PV characteristic outputs. Figure 5.13 shows the test
result during the solar irradiation changed from 100% to 87% and its reverse conditions.
Similarly, Figure 5.14 shows the test result during the solar irradiation changed from

100% to 75% and its reverse conditions.

Figure 5.12: Load current change.
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Figure 5.12 continues:
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Figure 5.13: Solar irradiation change around load R= 18.5 ohm.
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Figure 5.14: Solar irradiation change around load R= 18.5 ohm.
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Figure 5.14 continues:
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5. 4. Summary

The increasing number of PV inverters is coming to the market stresses the need to
carry out a dynamic characteristics under real conditions. In order to repeatable for the
laboratory, a PV simulator which is capable to reproduce the current-voltage output
characteristics of PV modules was developed. This circuit has the ability to simulate any
kind of PV arrays, especially suited for high power applications. The simulator is based

on 10 kW design, controlled by a DSP board. It allows testing PV inverters up to 10 kW.

The PV simulator suits research purposes as well as the test of device, that are fed by

PV cells, like battery charger controllers, inverters or dc-dc converters. The consumer
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load can operate on each point of the I-V curve at the simulator and the characteristic can

be modified by the user.
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CHAPTER 6. GRID-CONNECTED Z-SOURCE
INVERTER WITH PV SIMULATOR SYSTEM

6. 1. Introduction

6.1.1 Background

Because of the rapid development of rural area and increasing demand of clean
energy sources, photovoltaic (PV) based electricity production has one major growth
sector in distribution system. For most PV systems, grid connected operation are
preferred. Grid-connected system has the advantages over stand-alone system:

* Reduced cost
* Extended lifetime
* Higher efficiency

A grid connected PV system can either provide power to loads or feedback power to
utility line. But till now, even with great technology improvement of PV cell itself, the
cost of grid connected PV system is still high, which is now becoming the major obstacle
for the wide application of PV systems. Inverter constitutes almost 20% of the total cost
in a typical grid connected system [97]. The balance of system cost is becoming more
important since the PV array price drops. To deal with this problem, the most addressed
approach is to lower the cost of the inverter. One of the key issues now is to reduce the

cost of the power conditioning unit for the PV systems.
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In order to connect the PV cells to utility, an inverter/converter based power
conditioning unit is required to transfer the dc energy to regulated ac. For the
grid-connected inverters, the general requirements are: low line current distortion, high
power factor, high efficiency, simple circuitry, high reliability, and most importantly low

cost [66, 67].

6. 2. Proposed Grid-connected Z-Source Inverter System

For PV system, the output power and voltage typically depends on a variety of
uncontrollable factors, such as irradiation intensity and temperature. Also, the output
voltage of PV cell changes with the loading current. The typical change rate can be as
high as 1:2. So to achieve the best performance of a PV system, besides converting DC
power to AC, the power conditioning unit will need to be accommodation a wide input
voltage range and realize maximum power utilization.

For high power PV system, traditionally, there are two basic circuits shown in Figure
6.1. The first one is PV array plus inverter plus ac grid. The PV array is directly
connected to the inverter [68]. For this case, if to feed a 1:2 ratio PV array, generally a
higher number of PV cell in series is needed to accommodate the minimum required dc
voltage for a traditional inverter to output constant voltage. Since the number of PV cell
is increase, the maximum dc input is also increase, which results in higher maximum
voltage stress and high cost on the switching devices. So to reduce the overall system

cost, the system show in Figure 6.1 (b) is often used in real applications [69, 70, 71, 72].
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(b). DC/DC converter plus DC/AC inverter to grid.

Figure 6.1: Traditional medium power stage grid-connected PV inverter system.

In this case, a boost converter is added in front of the inverter. Thus, the minimum

dc voltage from PV cell can be lower. And the maximum voltage stress on the switches
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can also be regulated to the minimum level.  So the cost of the total system goes down.
But the additional dc/dc converter usually increases the cost and power loss of the power
conditioning unit, and at the same time lower the reliability of the system.

So to deal with this problem, this thesis proposes a Z-Source inverter based power

conditioning unit to utilize grid-connected PV system.

208V PV
Ui Simulator I Z-Source Inverter Circuit
Breaker
Grid
AV
X
_{" 208V
" 3phaseac

Figure 6.2: Grid-connected Z-Source PV inverter system configuration.

For grid-connected inverter applications, the power quality is important. To avoid
the distortion of the utility grid, the injected currents to the grid should have low
harmonics and a high power factor [73]. Furthermore, when the output currents are in
phase with the grid voltage, the maximum active power is achieved by minimizing the
reactive component. The inverters are expected to have high power quality, high
efficiency, high reliability, low cost, and simple circuitry. Compared to single-phase
inverters, three phase grid-connected inverters have much more advantages.

The grid connected PV energy can be transferred to a grid through one or two power
conversions. In PV applications, the proposed one stage power conversion is more

efficient and reliable than multi power stage conversions.
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6. 3. Control Issues

6.3.1 General Issues

To enhance development of PV grid-connected system, there are the control issues,
such as the input power control, improvement of the strategy of maximum power point
tracking, reduction of the voltage and current ripple, improving the total harmonic

distortion (THD), and increasing the system efficiency.

The input power of the PV inverter system can be controlled in different ways
depending on different control methods. The main task is to transform PV dc voltage to
the inverter output ac voltage with the desired amplitude and frequency, also has to

perform the maximum power tracking.

If the system is two power conversion stages, which means that a dc-dc boost
converter is utilized before dc-ac inverter, the dc-dc output voltage has to be controlled.
To achieve this goal, there are two methods usually used. The first one is the dc voltage

control, and the second one is dc current control.

For dc voltage control, the reference value is set to be output voltage. On the
contrary, for the dc current control, the reference value is set to be output current. Both
these two control methods will affect duty cycle of dc-dc converter, thus to get the PWM

accordingly.
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6.3.2 Voltage Control And Current Control

To control the input power of the grid-connected PV system, there are generally two
basic control methods. The first is to get a fundamental 60 Hz voltage wave through the
control of switching instants. The power flow is realized through the control of
amplitude and phase of output PWM which are related to the line voltage, thus produce
the necessary voltage across the ripple inductance and get the desired current flow. The
second one is to directly control the current flow through instantaneous current feedback.

The ac voltages at the switch do not need to be directly controlled.

Voltage control is a simple method of power flow control. However, it has
disadvantages that current harmonics and over currents can not be directly controlled, and
the transient response is limited. While current control has better transient response,
also can reduce harmonics, inherent over current protection, and has soft start capabilities

too.

In the grid-connected system, the load is utility grid which has infinite capacity, so
the grid connected current can be controlled. Then the outside of inverter can be
derived as a current source. So the current control has the advantages than the voltage

control.

6.3.3 Modulation Methods

In the power electronics converters and inverters, the pulse width modulation

methods are utilized to implement the control. The methods of pulse width modulation
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method will affect the inverter energy efficiency, waveform quality, and voltage linearity

alot. .

There are three main modulation methods: the carrier based PWM methods, the
hysteresis current control, and programmed pulse modulation methods. For the
programmed pulse modulation methods, the switching patterns are calculated for a
specified performance optimization at beginning and stored in a memory which can be
accessed through a look-up table. This method has a disadvantage that the huge
computer memory resources are needed and the number of pulses per fundamental cycle

is limited to a small number.

Compared to the programmed pulse modulation methods, the carrier based PWM
methods can operate at the higher switching frequency, at the same time can achieve high
quality output waveform. The first carrier based PWM was implemented by Schonung
and Stemmler in 1964 [77]. As shown in Figure 6.3, the reference modulation wave is
compared to the triangle wave, and the switching times are controlled by the intersections.
Based on this fundamental, this thesis proposed a new control which is depicted in detail

in the next section.
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Figure 6.3: SPWM method.

Also, the hysteresis control method is used in some applications. Compared to the
hysteresis current control, the proposed control method has some advantages.
Considered about hysteresis control shown in Figure 6.4, the error between the desired
current value and feedback current value is the input of hysteresis loop comparator. The
output of hysteresis loop comparator is the control signal to the power devices. The
harmonics components will be different according to the bands width [76]. If the
hysteresis bands width is too big, the harmonics components of grid current will be larger.
Otherwise, if the hysteresis bands width is too small, the harmonics components of grid
current will be smaller, the switching frequency will be higher. The output spectrum of

grid current is wide due to the changed switching frequency.
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Figure 6.4: Hysteresis current control.

6.3.4 MPPT Methods

Because of the PV’s nonlinear characteristic, the use of MPPT can make full use of
the system and thus reducing the cost of the system. The function of the MPPT is to
make the PV array work as close to the maximum power point under any circumstances.
There are many methods to realize the MPPT, such as perturbation and observation (P&O)
method, incremental conductance method, parasitic capacitance method, constant voltage,

and so on [14].

For the perturbation and observation method, the maximum power tracking operates
by changing the solar array voltage shown in Figure 6.5. If a perturbation voltage is
applied to the PV array, the corresponding perturbation (dP/dt) is caused at the same time.
Therefore, the maximum power tracking can always seek the maximum power conditions
by tracking the perturbation. The perturbation will be updated every single cycle.

When approaching the maximum power point, the output voltage of PV array will
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oscillate around the operating voltage. Thus a power loss is generated. The
perturbation difference has the effect on the resulted power losses. In this method, the
worst case is that perturbation in one direction will lead to an operating voltage far away
from the actual maximum power point if the system has been oscillating around the

maximum power point.

Sense V(k),I(k)

v

P(k)=V(Kk)l(k)

D=D+AD D=D-AD D=D-AD D=D+ AD

‘ — !
(oo )

Figure 6.5: P&O MPPT method.

For the incremental conductance method, the PV array voltage varies according to the
maximum power point voltage by changing the incremental conductance or instantaneous
conductance. This method has advantages over the perturbation and observation

method, it can track quickly changing conditions more effectively than the perturbation
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and observation method. But this method will be more complex than the perturbation

and observation method. The INC flow chart is shown is Figure 6.6.

Sense Vy, I,
Al =Ty — Iy
AV =V -V

Figure 6.6: INC MPPT method.

The parasitic capacitance method is similar to the incremental conductance method.
This method considers the parasitic capacitance in the PV array. The switching ripple
of the maximum power point is used to apply a perturbation to the PV array. Then the

array conductance can be calculated according to the measured current ripple and voltage
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values. Therefore, the incremental conductance method can be used to achieve the
MPPT. This method may not be effective when the parasitic capacitance is small.
Thus, this method is suited for large PV arrays that have relatively large parasitic
capacitance. In addition, the dc/dc inverter usually has an input capacitor to filter out
small ripple in the PV array. Thus that capacitor will complicate the parasitic

capacitance, thus limiting the use the method.

The constant voltage method assumes that the operating voltage at the maximum
power point varies little with irradiation levels. The operating voltage at the maximum
power point is usually selected to be 0.76 times of the open circuit voltage of the PV
array. In this method, the open circuit voltages of the PV array are updated and set to

76% of the measured open circuit voltage accordingly.

Among these methods, the incremental conductance method has a higher overall
MPPT efficiency than others. The constant voltage method has the least MPPT

accuracy.
6.3.5 Synchronization In Grid-connected Applications

6.3.5.1. Synchronization methods

Synchronization is a big issue in grid-connected applications. There are classical
two ways to solve the synchronization problem: from hardware or from software
approaches. Accurate synchronization is very important in distributed ac power systems

and is a key requirement in any real time measurement and control system [74, 75].
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The most famous synchronization is the phase-locked loop (PLL) control. The PLL
was used in a lot of applications until the development of integrated circuits, thus to make

it easier to perform the PLL [76].

A PLL is a device which can track with another signal. With PLL, the output can be

synchronized with the desired reference in phase and amplitude.

Figure 6.7 shows one method of a three phase PLL control loop.

k;/
Vd* —> i!S p
—(O—>{4 /s >
Va
| dq/aﬂ h
Vq<——

TVa TVﬂ

Va —>

Figure 6.7: PLL control loop.
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6. 4. Proposed Control Strategies

6.4.1 Proposed PLL Synchronization

The proposed system used zero crossing detection method for PLL control. For zero
crossing detection PLL, there are hardware loop approach and software loop approach.
In this thesis, digital zero crossing detection PLL is implemented to synchronize with the

grid. Figure 6.8 shows a zero crossing detection PLL diagram.

Y;
—| Phase Low pass
Detector >  Filter > VCo >

Figure 6.8: Zero crossing PLL.
For phase detector, there can be classified to sinusoidal wave and square wave phase

V4
detections shown in Figure 6.9. The former has the detection interval from _E to

/4
5. The latter include triangle phase detection which has the detection interval from

V4 /4 . . ..
- 5 to 5 , the sawtooth phase detection which has the detection interval from — 7 to

7 [77,78,79]. The sinusoidal phase detection was developed in this thesis.
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Figure 6.9: Phase detection methods.

The zero crossing detection PLL has the advantages that it has the immunity to
harmonics in the input signal. The dynamic response of the zero crossing detection PLL

can be improved by adjusting the low pass filter and system parameters.

With the proposed PLL, we can synchronize grid very well.

6.4.2 Proposed Harmonic Injected Feed-forward Control

Grid-connected PV system has two main control requirements: seeking the maximum
power tracking and obtain the sinusoidal output current to the utility grid. In the
proposed solution, these two goals are realized in a single power conversion stage with

two control loops.

The inner loop realizes inverter current output control, which consists of grid voltage

and current sampling, phase calculation, and PWM generation. Usually the inverter is

115



controlled so as to generate the output current in phase with the grid voltage to achieve

the maximum active output power by minimizing the reactive output power.

The outer loop is a power control loop, which tracks maximum power point of PV
modules by adjusting inverter output power instantaneously. Current MPPT methods
are often based on perturb and observe, incremental conductance, parasitic capacitance,
voltage based peak power tracking, and current based peak power tracking [80, 81].
The modified P&O MPPT method is implemented and would be shown in detail later.
The peak power tracker operates by periodically increasing or decreasing the PV array
voltage. If a given perturbation causes an increase in array power, the subsequent
perturbation is made in the same direction. Thus, the peak power tracking can be

realized [82, 83].

6.4.2.1. Third harmonic injection

Third harmonic injected control method was first utilized by Buja and Indri. In this
method, the inverter output voltage can be maximized by adding a triple harmonic which

has one-sixth of the fundamental component modulation wave [78] shown in Figure 6.10.

Vaa Vbb Vcc

0.00 10.00 20.00 30.00 40.00
Time (ms)

Figure 6.10: One-sixth of the fundamental injected.
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If the modulating input signal exceeds the amplitude of the carrier waveform, the
output will saturate. For three phase application, the line to line components are
immunity to the added third harmonic injection, but the fundamental amplitude can be

increased. Also, the switching losses can be reduced.

To connect the PV array with 1:2 voltage change ratio to 208 ac line, when the PV
array voltage is low, maximum constant boost control [84] for the Z-source inverter is
used in the proposed system. There are three boost control methods listed in table 6.1.
The shoot through interval, boost factor and voltage gain are compared in the table. The
maximum constant boost strategy configuration is shown in Figure 6.11. With certain
amount of third harmonic to the phase voltage waveform, the line amplitude of the
fundamental wave will increase without any over modulation [85]. Also, the output line
to line voltage wave still remains sinusoidal and undistorted.

Table 6.1 Shoot-though interval, boost factor and voltage gain of three boost control

methods.
D B G

Simple boost 1- M (Max value) 1 M

2M -1 2M -1
Maximum boost 27 -3 ﬁ M p Mx

27[ 3‘\/§M - 3‘\/5 M -

Maximum boost | ﬁ Iy 1 M
(with third harmonic | 1 —— —_— -
injection) 2 V3M -1 V3M -1

In these three boost control methods, the modulation index must satisfy the following
requirements.

For simple boost control, the modulation index must be less than 1—D, and

Z-Source capacitor voltage must be larger than 2V,
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For maximum boost control, the modulation index must be less than T(l -D),

. 33
and Z-Source capacitor voltage must be larger than —— V.
.4
For maximum constant boost control, the modulation index must be less than

2 A
ﬁ (1= D), and Z-Source capacitor voltage must be larger than ‘E"ac-
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Figure 6.11: Third harmonic injected maximum constant boost.
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There are two periods in a switching cycle:

/4
For the first period (O-; ), the upper and bottom curves can be expressed by

following equations respectively.

Vp1 =3M +sin(9-2Tﬂ)M 0<¢9<§ 6.1)
) 2 /4
Vp1 =sin(@ - T)M 0<0< 3 6.2)

T 2z
For the second period (—3— ——3—) , the curves meet the following equations

respectively.
V., =sin(@)M Ly (6.3)
p2 3 3 '
Vo =sin(@)M —3M % <f< 53’5 (6.4)

Obviously, the distance between these two curves are always constant, that is -\/SM .

The Boost factor B and the voltage gain can be calculated:

1 1

B: =
1_oT0 V3M-1
T

(6.5)
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Figure 6.12 is a plot of equation (6.5) with the modulation index changing from 0 to

1.154. It can be seen that the voltage gain can be close to infinity when modulation

index is close to \/5 /3.

250 X ; - ' - r
200 r T 4
|,
150 I 4
100 | i ]
/M |
s0 | by |
g
0 T DR, 3 IR B HERR T §
Lljl
a
-50 + ] 4
i_;
-100 : ' : . : ‘
0 0.2 04 0.6 0.8 1.0 1.2 1.4
M1

Figure 6.12: The relation between the voltage gain and modulation index.

In this kind of control, the shoot through duty ratio is always constant while the
maximum voltage gain can also be achieved. When the carrier triangle wave is greater
or lower than the shoot through lines, the inverter is gated to a zero state, working as
shoot through mode, just like Figure 6.13 (a). Otherwise, the inverter works as the
traditional PWM inverter, which seems to a non shoot through mode, just like Figure

6.13 (b). One advantage of this method is to eliminate the ripple at line frequency.
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Figure 6.13: Z-Source inverter operation modes.
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For the traditional three phase PWM, the average squared value of the current ripple

can be represented as [A-1]:
cos? 6+ —765) ~33M 3 cos> @+ %)

21 7/3
Aizb =(K4£J 17 ﬁ—ﬁM4cos(6’+£)(cos3 -5 Lo 60

- cos3 )

\ P

Then the above equation can be simplified to the following equation:

2 2
Vi AT
I}%rms dc 5 (3M2 4‘/—M3 9M4J 6.7)

1921 \2 i 8
For the third harmonic injected constant boost PWM,
Similarly, the equation can be derived:

2 2

Vi AT

2 _Yaht (3,0 43,3 31, 4 65)
hrms ~ 192 L2 2 T 32

Based on these two equations, the harmonics distortion factor of the two PWM

strategies can be defined as:

y(1)=>M2 4‘/—M3’ EYe (6.9)
2 8
Y(2)= M2—4‘/—M3 ;;MA' (6.10)

Where Y(1) is for the traditional PWM and Y (2) is for the THICB PWM.
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Respect of the switching frequency, dc voltage, and inductance, the relation of
harmonic current distortion factor and modulation index can be drawn in Figure 6.14.
In the figure, the curve Y(2) represents of third harmonic injected PWM, and the curve
Y(1) represents of traditional three phase PWM. It is clearly that the THICB PWM
would start to have significant less harmonics distortion factor when modulation index is

bigger than 0.5.
For the specific case that the dc voltage changes from 230 V to 400V, equation 8 and

9 are plotted at the condition that: 7'=100 uS and L;=1 mH .

The plotting results in Figure 6.15 clearly show that the current harmonics content in

THICB method is much smaller than in the traditional method.

0.7

06 |
| Yy | F

0.5
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Y(M)

0.3
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1.4

Figure 6.14: Relationship of the harmonic factor and modulation index with different

PWM.
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Figure 6.15: Relationship of the harmonic factor with modulation index and dc bus

voltage with and without harmonic injection.
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For the Z-Source inverter, the current through the inverter switches is composed of
current to the load and the current through the switches during shoot through. The
current during shoot through in average is distributed in balanced three phase paths.
The current through the inverter during the shoot through is twice of the inductor current.

The average current in shoot through for switch is
2
Iqys =§IL 6.11)

The average current through the diode is equal to the sum of the average current
through inductor and capacitor. During the steady state, the average current through the
capacitor is zero, and the average current through the inductor is equal to the current

through the diode.
Ip =Py !V; (6.12)
Where By, is the PV array maximum power.

Without shoot through state, the average current is the same as traditional inverter,

2P,

I — 6.13
avsn 3Vp cosyr 1
Thus, the average current in total is
- =-2-1L(TO/T)+—£PL—(1-TO/T) (6.14)
3 3V cosyr
Under constant maximum boost,
To=(1-M~3/2)T (6.15)
o = M Vi (6.16)

3M -1242
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The average switch device power is

V. 4 V. j0 ; ] m
( )an avs’ s L7i (\/EM I)T M ( 0 ) (6 17)

2P, (2-+3M) . 43P,
V3M -1 /4

6.4.2.2. Current Control Loop

In grid-connected distributed generation systems, three phase pulse width modulation
voltage source inverters are usually employed to achieve power conversion, grid
interfacing and control optimization. To feed grids with high quality power, the current
control of the grid-connected VSI plays an important role since a DG system would not

regulate the voltage at the point of common coupling (PCC) [86].

Due to PCC voltage can not be controlled, the power quality is determined by the
current quality only. To achieve unit power factor, the output current of the inverter
needs to be in phase with the utility voltage. The grid-connected three phase dc/ac
Z-Source inverter can be shown in Figure 6.16. And Figure 6.17 shows the unity power
factor control of the inverter current to the utility grid. The grid line to line voltages are
measured, also the phase lock loop is utilized to ensure system synchronization [87, 88].
Two currents are measured from the outputs of the inverter then fed back into a close
loop system. The close loop system is realized with a PI controller.

The PI controller is based on a transform function G(s) as follows:

F(s) _
E(s)

k.
kp+:’ (6.18)

G(s)=
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Where F(s) is the output, E(s) is the input error, kp is the proportional gain,

and k; is the integral gain.
The above function is an analogue form and need to be transformed to the equivalent
digital one before being implemented by the DSP controller.

The final form of the digital PI controller can be represented as:

F(n)=Yp[n]+Yj[n] (6.19)

Where
Ypln]=kpE[n] (6.20)
6.21)

ki
Yi[n]=~LE[n]+Y;[n-1]

A
Y f2 and Y; is the outputs of the proportional and integral loops respectively, and

fis the sampling frequency.
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Figure 6.16: Grid-connected three phase Z-Source inverter system.
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Figure 6.17: Block diagram of control loop.

In Figure 6.16, the output voltage of inverter is:
di,
Vi=vy +Ly—%+i,R (6.22)
S S T

After the transform of Laplace, the output current is:

()= (4(5) ~vg (5) 623

=——j(s)—vg (s &
@ sL+R g

Where v; is PWM output waveform of the inverter. R is equivalent resistance

for the inductors and circuit.
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Since unity power factor control, the command current is:

.* * -
ig =Igsin6, (6.24)

So the command voltage of inverter becomes:
* kl *x .
A

If no voltage feed-forward, when the grid voltage suddenly increases, the grid
connected current will decreases, thus the deviation occurs. Compared to with/without
voltage feed-forward control methods, the grid voltage feed-forward compensation can
work more effectively during disturbance. So in the current error compensation part,
the feed-forward grid voltage is used to generate voltage references for the PWM, thus

the disturbance due to grid harmonics can be suppressed well.

The system open loop transfer function is:

G(s)= Z’ (6.26)
2(RCLs” + Ls + R)
The PI transfer function is:
ki
Gpr(s)= kp +— 6.27)
Ky

Based on the following parameters,

Input voltage is 230 V,
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Inductor is 1 mF,
Capacitor is 50 uF,

Rresistor is 5 ohm,

kp is0.04, k; is 60.

With the open loop transfer function, the system bode plot is:

Bode Diagram

Magnitude (dB)

Phase (deg)

_135 e e m e L __,:_'_é_..
-180 ' :

Frequency (rad/sec)

Figure 6.18: Open loop bode plot.

The PI correction bode plot is:
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Figure 6.19: PI correction bode plot.

The close loop system bode plot is:

Bode Diagram
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Figure 6.20: Close loop system bode plot.
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The inverter feeds the sinusoidal current into the utility grid which its frequency and
phase is the same as utility grid. Thus, the unity power factor is realized. By
regulating the current loop parameters, tracking speed and tracking error can both be

modified [89].

From above, the grid-connected inverter with high power factor is realized and the
configuration of the system is very simple. This control configuration has higher
efficiency, good performance, and reliability because of its single stage. Also the power

can be controlled well for its voltage forward feedback.

For the output filter, there are L filters, LC filters, and LCL filters. Among these
three types, the LCL filters is a third order filter which is easily to cause the stability
problem. The filter inductance is designed by the consideration of the utility grid
voltage, the switching frequency, the amplitude of grid connected current. The output
grid connected current may be distorted for the small inductance. Otherwise, the power

loss on the filter and damping and time-delay will increase also.

6.4.3 Modified P&O MPPT Control

PV inverter operation status will be affected by operation range on the PV curves.
Figure 6.21 shows the constant power curves for different values of power. From this
figure, it can be seen that there exist two equilibriums for a given power point. When

the constant power curve is tangential to the PV I-V curve, the maximum power point is

achieved. If the given P is higher than Fyax, there is no real solution and the
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operating point will approach to the short circuit. So there exists the possible two

solutions for a given P.
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Figure 6.21: PV I-V and constant power curve.

From the Figure 6.22, it can be verified that the solution to the left intersection of
constant power curve with I-V curve is unstable; on the contrary, the right side is stable.
The voltage would collapse if the operating point is pulled toward to the left side. So

the PV inverter should operate on the right side.
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Figure 6.22: PV I-V and constant power curve analysis.

Generally, the PV inverter starts from open circuit condition, then draws the power
from the PV panel and at the same time approaches to the maximum power point, finally

oscillates around the maximum power point.

Since the proposed Z-Source based PCS is directly connected to the grid, the PCS
will be controlled to transfer maximum power from the PV array to the grid all the time.
Because of nonlinear characteristic of PV models, the maximum power can not be
achieved by directly connecting the PV models. Tracking of the MPP must be used to
effectively get the maximum output power. Thereby, many researches of the MPPT
have been done [7]-[10]. There have been perturbation and observation method, the
incremental conductance method, and the hill climbing method, etc. Here a simple

power feedback method can be used for Z-Source based PCS to achieve MPPT as shown
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in Figure 6.23. The power can be measured and used as feedback. The PV modules’

voltage can be regulated to an optimal point, which presents the maximum power.

PV

Array Tee
3% I T -
g3 Switching &.3
a3 8 &
g3 8 =
-

MPPT

Figure 6.23: The block diagram of the MPPT control.

In this thesis, the modified P&0O MPPT method was implemented. Figure 6.24

shows the modified P&O MPPT method.
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Figure 6.24: The modified P&O MPPT method.

6. 5. Hardware And Software Implementation

6.5.1 Hardware Implementation Of System Setup

Testing of the 10 kW Z-Source inverter began with low power operation while

verifying the stable, safe operation of the inverters. The input power was supplied from
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a PV simulator. This allows for the complete control of the input parameters,

independent of weather conditions, which is necessary to demonstrate the inverter

performance over a wide range of normal and fault conditions.

The following equipments were utilized in the testing of the whole system:

Rex manufacture Transformer 1, 10 kVA, three-phase, 230 V Delta to
260/460 V Wye.

Sylvania Transformer 2, 11 kVA, three-phase, 460 V Delta to 460 V
WYE.

Powerstat Variac 1, 10kVA, three-phase, 0-240V.

Powerstat Variac 2, 10kVA, three-phase, 0-280V.

Z-Source inverter, 10 kW.

DC-DC converter, 10kW.

Rectifier bridge, three-phase, 60A.

Three-phase grid, AC power source, 208 V.

Circuit breaker, three-phase, 30 A, 20 HP.

LEM current sensors, LA 2058S.

LEM voltage sensors, LV 25.

Inductors, capacitors, and resistor bank.

Tek TDS 7054 Oscilloscope.

Tek AM 503B current proble amplifier.

Tek TDS 2014 Oscilloscope,

Fluke Voltmeters.

Partial of the equipments are listed in the appendix 2.
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6.5.2 Hardware Of Control Unit

The control unit of the system consists of DSP boards, three current sensors, four

voltage sensors, gate drive boards, and power supplies.

The universal DSP control board shown in Figure6.25 was developed in MSU Power

Electronics and Motor Drives Laboratory. It is based on TMS320LF2407A DSP from

Texas Instrument (TI). The board was designed to fit controls for all kinds of inverter

and converters. To maximize the control possibility of the board, a Xilinx CPLD is

used in series with the DSP chip to expand the logical calculation capability and available

I/O numbers. To enable feedback control, the board also includes the analog signal

processing circuits for the analog input channels of ADC converter.

The main features of the board are summarized as following:

LF240F operating at 40 MIPS with 64K words of zero wait state memory for
debugging or data stored

16 channels Analog to Digital Conversion with signal processing circuits

Dual event managers multiple PWM and capture channels on chip

On chip UART with RS232 Drivers, 485 and CAN divers

32K words of on chip Flash ROM

SPI interface data memory for parameter stored

On board IEEE 1149.1 JTAG Connection for Optional Emulation

15V, -15V, and 5V power input, (onboard 3.3 volt regulators)

Expansion Connectors (data, address, /O, control and PWM out signals)

Xilinx CPLD (XL95288-10TQ208) providing many control or out signals
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The ADC module in 2407A chip provides a flexible interface with 16 channels to
event managers A and B.  The ADC interface is built through a fast, 10 bit ADC module
with total conversion time of 500 ns. Since the ADC has a resolution of only 10 bits,
while the registers of the timer are 16 bits, scaling has to be done for result registers
ADCFIFOs before the values in them involve calculations. This is realized by shifting

the ADCFIFO register result to the right.

Figure 6.25: Universal DSP 2407A board.

The DSP chip communicated with the program in the computer named Code
Composer Studio. Code Composer Studio interfaced to a JTAG emulator pod, which
was connected to the DSP.  The JTAG emulator allowed for incremental stepping of the
control code for eased debugging. The JTAG emulator was also the way to download

the program to the DSP chip. The structure of the control system is shown in Figure
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6.26. The control system is isolated from the power stage by using plastic optical fiber

and isolated sensors.

Fiber Optical
PWM output

Voltage sensors 6

I

DSP Board

IPM Device

Fiber Optical
Fault output

DSP XDS510
Emulator

Figure 6.26: Control Unit diagrams.

With the ad ge of DSP technologies for power electronics applications, analog
feedback and status sensors are fed directly into the DSP and multiple PWM outputs
directly provide the drive logic for the converter and inverter power switches.

The PWM controller maintained the output current waveforms within the

performance specification requirements for THD and unity power factor.

6.5.3 Software Implementation

As mentioned above, the software environment is code composer studio for DSP, and

Xilinx for CPLD. For code composer studio, it has the features [90, 91]:
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Integrated editor, debugger, profiler and project manager

Probe points connected to the file /O, graphical display

Fully integrated Code Wright Editor

Source code debugger common interface for both simulator and
emulator targets

DSP/BIOS Host tooling support

In the code composer studio environment, all the DSP code for experiment were

developed and written in assembly language. In the XILINX environment, all the

CPLD code was developed and written in ABEL language.

The control of the DSP is composed of an initialization routine followed by periodic

interrupts triggered by an internal timer. These interrupts occur once per switching

cycle and set the reference. This reference is then sent to the PWM modulator on the

DSP so that it can be transmitted over the optical fiber. A flow chart describing the

operation of the interrupt is shown in Figure 6.27. The system control flowchart is

shown in Figure 6.28.
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Figure 6.27: Interrupt handler flow chart.
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Figure 6.28: Flowchart of DSP code.
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Figure 6.28 continue:
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All the PWM generated from DSP need be controlled in logic before sending out to

the gate drive board. Figure 6.29 shows the CPLD control block diagram.

CPLD Control
Logic

A Latch==
1I;UN/S-TnOP | CHop | Lch &

> -m Current
Gateblock | o AND : - Boost — OUT-m
FAULTx - GROUPI

—» Combination

PDPINTA
PDPINTB =

Figure 6.29: CPLD control block.

Also, all the fault protections are implemented and updated in the system.
Inside the IPM module itself, it has:
¢ Over current protection
e  Over temperature protection
* And UVLO protections
Besides these protections, the following protections were implemented through DSP
and CPLD:
e Z-Source inverter dc over voltage protection

e Z-Source inverter inductor over current protection
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¢ Z-Source inverter capacitor over voltage protection
* Inverter output current p.rotection
The fault signals will be sent to XILINX CPLD chip, then the output will be shut
down, and the protection signal is fed back to the DSP board. At the same time, the

LED which indicates the fault condition will light on instantaneously.

6. 6. Simulation and Experiment Results

To prove the proposed system, the simulation and experiment are both performed
based on the PV curves shown before. The maximum power is achieved when PV array
voltage approaches to 330 V. The experiment hardware of the Z-Source inverter and
DSP control parts are shown in appendix 2. In the crossed LC network, the inductor is 1
mH | and the capacitor is 1.3 mF . The system switching frequency is 10 kHz. The
Z-Source inverter is connected to the grid with 60 Hz frequency, 208 V line to line
voltages.

The Z-Source PV inverter can also work as manual mode, which means the inverter
can be tested intended for maintenance and debug test function, to provide with manual
control of basic inverter function. In this mode, one adjustable meter on the DSP board
is available to adjust the inverter power level. The manual mode was utilized during the
testing of inverter in order to maintain operating conditions independent of the MPPT
circuit, and to create fault conditions. The output current was adjusted from 5% to
100% of rated output current power while the input varied from the specified ranges.

The simulation of the whole system is performed with PSIM and Matlab software.

Figure 6.30 shows the PV output current, voltage and power when irradiation changes
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from 1000 W/m2 to 800 W/mz. Figure 6.31 and Figure 6.32 shows the grid line
to line voltage and Z-Source inverter line to line voltage.

Figure 6.30: PV output characteristic during irradiation change.
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Figure 6.31: The grid connected Z-Source inverter output current.
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Figure 6.32: The grid line to line voltage and Z-Source inverter line to line voltage.

For PV voltage changes from 230 V to 400 V, the Z-Source inverter can work
continuously and automatic change from boost mode to non-boost mode and vice reverse.
The experiment results were recorded every 10 volts difference as the following Figure

6.33.

Power Curve
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Power
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Figure 6.33: The experiment results of power curve changed with voltage.
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Figure 6.34 shows the results when PV voltage is around 400 V. Figure 6.34 (a)
shows the grid line to line voltage and Z-Source inverter line to line voltage after filter.
These two waveforms should be the same due tob PCC. Figure 6.34 (b) shows the
inverter output current and Z-source inverter PN voltage. Because the PV voltage is
high enough, the shoot through is not needed. Figure 6.35 shows the experiment result
for the same condition of above simulation conditions. From the figure, it can be seen
that the inverter line to line voltage after filter is exact as grid line to line voltage
sinusoidal. Also, the output current is as desired value and waveform, the unity power
factor can be achieved finally. The experiment result consists with the simulation
results well.

Figure 6.36 (a) shows the grid line to line voltage and Z-Source inverter line to line
voltage after filter. Figure 6.36 (b) shows the inverter output current and Z-source
inverter PN voltage. Figure 6.37 shows the experiment result. At this stage, the
maximum power is around 10 kW; the current injected to the grid is around 40 A peak
value just as shown in Figure 6.36.

When the PV voltage is lower, the shoot through is utilized to ensure the exact output

values. Also, Figure 6.38 and Figure 6.39 both confirm the analysis well.
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(a). Grid line to line voltage and Z-Source inverter line to line voltage after filter.
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(b). Z-source inverter output current and PN voltage.

Figure 6.34: Simulation results of va is around 400 V.
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Figure 6.35: Experiment results of va is around 400 V.
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(b). Z-source inverter output current and PN voltage.

Figure 6.36: Simulation results of va is around 330 V.
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Figure 6.37: Experiment results of va is around 330 V.
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Figure 6.38: Simulation results of Vp\' is around 230 V.
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Figure 6.39: Experiment results of va is around 230 V.

From the above results, it can be concluded that the simulation and experimental
results both show that at different input voltage, the proposed PV system’s output line to
line voltage maintained at 208 V RMS, the current injected to the grid is sinusoidal
without distortion, also unity power factor is realized. The basic principle of the

proposed system was verified very well.

6. 7. PCS Requirements And Standards

Grid-connected PV inverter systems should handle the need to perform output control

and safety disconnecting or stop of the inverter if any failure mode happens. The major
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failure modes of a grid connected PV system include loss of mains protection, over
voltage protection, galvanic isolation, system grounding problem, and islanding.

Islanding of a grid connected distributed generation system, occurs when the DG
continues to energize a portion of the utility system after the portion has been
disconnected from the main utilit)" grid [95].

Islanding detection methods can be characterized into two groups: passive and active.
Passive methods include detecting the frequency variation, the voltage phase jump, and
the three-phase drop. The active methods are active frequency drift, impedance
measurement, and reactive power fluctuation. No matter which islanding method is
used, there is a dead range for the islanding operations. It is not difficult to detect
islanding, and it is possible to reduce the likelihood of unintentional islanding almost
completely by monitoring several grid parameters. However, the maximum allowable
time that an inverter may continue to work after the grid has been switched off, together
with suitable test methods; need to be established before common international guidelines
can be reached [96].

There are many standards for PV PCS systems to comply with, such as IEEE Std.
929-2000 (Recommended Practice for Utility Interface of Photovoltaic Systems),
UL1741 (Standard for Static Inverters and Charger Controllers for Use in Photovoltaic
Power Systems), IEEE Std. 519 (Recommended Practices and Requirements for
Harmonic Control in Electrical Power Systems), 1999 National Electric Code (NFP A
70), IEEE Std. 1374-1998 (Guide for Terrestrial Photovoltaic Power System Safety), and

related ANSI and FCC standards.
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In addition, all PCS topology should include a blocking diode, thus to prevent reverse
currents. The diodes should have a voltage and current ratings at least twice the

open-circuit voltage and short-circuit ratings of the source circuits.

6. 8. Conclusions

Utility connected PV power systems on residential and commercial buildings are
likely to become more important in alternative energy generation for the near future.
This chapter presented a new grid-connected PV power conditioning system based on
Z-Source inverter. The proposed system realizes the boost and inversion with
maximum power tracking in one single power stage, thus minimizing the size and cost.

The main elements in the control structure are the synchronization algorithm based on
PLL, inverter current controller with the power feed-forward and PI controller. A PLL
structure is used to ensure the current to synchronize with the grid. The control
structure has the following advantages:

* High reliability, high immunity
* Lower harmonic distortion
* High efficiency

With the proposed control method, the system has low output distortion and unity

power factor. The simplicity and good performance of the proposed system make it a

great candidate for grid-connected PV based generation.
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CHAPTER 7. CONCLUSIONS

7. 1. Summary Of Circuit Topologies And Their Suited
Applications

In PV world market, grid connected PV system has a large portion in the all PV
systems. Grid connected system is less expensive if the grid is used as storage instead
of batteries. In off-grid PV system, batteries cost up to 20% of the whole system. If
backup power is not required, a grid connected system does not need batteries and can get
the excess energy from the PV array. For grid connected PV system, there can be
summarized to three types: central inverter, string inverter, and module integrated
inverter. Table 7.1 shows different specifications of them. Table 7.2 shows summary
of different inverter topology.

From previous works, the single stage large central inverter is not a good choice, the
input voltage must be high to provide to inverter. For ac modules and cells, the dual
stage inverter is much better. It is effective to use HFT in large systems to avoid
resonance. Grounding on input and output terminals also helps on the resonance. LFT
CSlIs are applicable for low power ac module applications; HFT VSIs are applicable for

low power and high power systems, the ac module, the string, etc.
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Table 7.1: Summary of central, string, and module integrated inverter.

g Module Integrated
Type Central Inverter String Inverter
P s Inverter
Circuit
Topology
Dc bus high voltage, high high voltage, low low voltage, low current
current current
higher power losses, higher installation cost,
advantages mismatch losses, separate MPPT for each no mismatch losses,
and nonflexible design, string, higher overall individual MPPT,
% higher current efficiency than central flexible design for
disadvantages harmonics, lower power inverter extendency, higher
quality efficiency
large scale PV Medium scale PV Small scale PV
Applications system(>SkW), three system(2-3kW), single | system(<2kW), single

phase

phase

phase
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Table 7.2: Summary of the inverter topologies.

Inverter Type Topology Characteristic
line frequency
<l transformer, low
dc/ac with LFT 1 I switching frequency,
it large transformer
Inverter volume
with itk high frequency
Transform de/de(HFT) u'ansfgormer, sulnall
er transformer volume
no dc/dc converter,
flyback inverter less component, low
cost
l no boost stage, need
single stage dc/ac D | required PV voltage,
T has a higher efficiency
v
first stage is dc/dc
i boost converter, the
dc/ac with dc/de second stage is full
bridge dc/ac.
dc/ac with lower output current
bi-directional ripple, lower
Transform switches itchi quency
er-less
Inverter can have shoot
through, higher
Z-Source inverter inverter reliability,
less component, small
size, low cost
l7siﬂglc stage half mg::{:;:’f;:z‘:ng
ridge with dc/ac S
switching frequency
6 switches for split
: phase, suitable for
S’l:'gle Single phase single phase three
Phase | three wire dc/ac wires residenti
power system
= bl suited for three phase
g three wires power
Tll;lree three ph;sc/ three *‘il ot 3[ ?x 3‘ ]‘{ 4_{:| system, applicable to
phase Wi acae 1 4} {% 4]7 g large scale grid
connected PV system
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7. 2. Conclusions

Solar energy is available everywhere. Photovoltaic is a new source of energy
where all of the world can participate. So PV power will become an effective
contributor for distributed resource applications. Photovoltaic has a lot of benefits
for use as a distributed resource including peak demand shaving and improved asset
utilization.

As photovoltaic system is one of the most promising alternative energy sources in
DG. The power electronics converters based PCS in the PV system now becomes

the key point in cost reduction.

This thesis presented a new power conditioning system based on Z-Source
inverter for renewable energy sources. The PV system performance depends not
only on temperatures and irradiations, but also on maximum power tracking function
of PV inverter. So it is important to verify the inverter system also.

This thesis first introduced the basics of PV power system, then summarized all
the existing inverter topologies of PCS mainly for PV systems. Then, the Z-Source
inverter for split single phase with stand alone application was proposed and
implemented. Continually a dc-dc converter based PV simulator was proposed and
implemented for test purpose. Finally, a grid-connected Z-Source inverter system

with PV simulator system was proposed and implemented.

By utilizing the Z-Source inverter, the volume, the cost, and the switching device
count are minimized. Because of the single stage operation, the efficiency of the
system can be greatly improved. The reliability can be enhanced greatly due to the

shoot through states. With all these advanced features, the Z-Source inverter based
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PCS is very promising for renewable energy applications.

7. 3. Contributions

This thesis has the following contributions which already illustrated in the thesis:

€ Summarized previous PCS topologies for PV power system, helpful for other
educations for further research. Also summarized commercial PV inverter

features, helpful for applications of industrial engineers.

€ A new split-phase Z-Source inverter based stand-alone residential PV power
system has been proposed and implemented. The proposed control strategy
suits application well. The simulation and experiment results both consistent

with analysis.

€ A new three-phase grid-connected Z-Source inverter system has been
proposed and implemented. The proposed harmonic injected, unity power
factor current control which also employed modified P&O MPPT method is
used for the control strategy. The simulation and experiment results verified
the proposed system. The proposed scheme gives a low cost and high

quality power conversion for PV power system.

€ A dc-dc converter based PV simulator system is proposed and implemented
for test purpose. A new combined control method was applied to realize

functions. The experiment results are shown to verify the circuit.

€@ The DSP based control unit for Z-source inverter with PV simulator system
was realized and tested. All the software parts include DSP code, CPLD

code, and lookup tables, are developed and implemented.
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€ The proposed topologies and control strategies can not only contribute to PV
power system, but also to other renewable energy sources, such as fuel cell,

wind power, TEG and so on.

7. 4. Recommended Future Works

Renewable energy is very diverse in resources used and conversion. With the
steadily increasing technologies, the PCSs of renewable energy sources are important
for DG applications. People are seeking the new topologies to gain much more
efficiency. This thesis presented a new power conditioning system based on
Z-Source inverter and PV simulator for renewable energy sources. For PV simulator,
it is still have margin to improve performance based on hardware and software
implementation. For grid interconnected PV Z-Source inverter system, battery can
be added as energy storage, also the according control can be studied.

In the future, inverter technology still needs advanced switching components,
improved capacitors, and the fewest interconnections, etc. The inverter lifetime has
better to be longer than 10 years. The design leads to a high integrated and fewer
component trend. Based on advanced technologies, such as DSP, and modular

power electronics, more and more new inverter topologies will arise.
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APPENDIX 1. HARMONIC DISTORTION
FACTOR OF THE CURRENT RIPPLE

For a single carrier switching period with the load between output phase legs a

and b, shown in Fig. A.1.

Vdc/2 A /
\\ / Phase a
\ 1 1 1 , A1 >
N\ |AT/4 AT A3TI4| / AT t

-Vdc/2 . a—

Vdc/2
Phase b
AT t
-Vdc/2
Vdc e A et S €gb Line-line output
voltage and ripple
\ current
AT t

-Vdc

Figure A.1: Ripple current for two phase legs of three-phase inverter.
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APPENDIX 2. SOME EXPERIMENT
HARDWARES FIGURES

Figure A.3: Z-Source inverter
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Figure A.4: Part of grid-connected Z-Source inverter with PV simulator system.
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APPENDIX 3. FUNCTIONAL BLOCK
DIAGRAM OF 2407A DSP CONTROLLER

Fig. A.5 shows the block diagram of the basic configuration for the LF2407A
DSP board.  The major interfaces of the board include the target RAM, dual SRAM
memory, analog interface, CAN interface, RS 232 interface, 485 interface, SPI data
logging interface, analog signals interface, PWM out signal interfaces and other

functions.

Power/
JTAG

JTAG

Run/Stop
Etc

=p 16

= 17

s Power
"'[ Supply

Figure A.5: Functional block diagram of 2407A DSP board
The detailed information is listed below:
1. DRAM 544 Words
2. SRAM 2k Words
3. Other function
4. 10 bit ADC converter

5. Can
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6.

7.

8.

9.

10

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26

SCI

SPI

External memory

DSP core

. Event manager B

. Event manager A

PLL/Reset circuit

Other /O

CAP/QEP units

Flash/ROM 32k Words
Analog signal process units
Can transistors

SPI flash memory

Real time clock

Ram 4k

Pro/data memory space
Extending bus connector
Switching signals (Fiber Led)
Fault signals (Fiber detector)
Frequency signals processing circuit

. Out PWM signals processing circuit
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