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Abstract

This project focuses on the development of advanced digital control
technology for utility-tied photovoltaic inverters. Solar energy has found its great
potential in the development of renewable energy due to its easy installation, low
cost, and direct applications to the current utility network. The photovoltaic
inverter, PV-inverter, can directly transfer the solar energy form the solar cells to
the utility power network. The PV inverter can provide electrical power to the
home appliances as well as electricity to the utility without using the
cumbersome battery. Applications of the PV inverters make it possible to realize
distributed power generation systems, this can greatly relief the requirement to
build conventional power plants. Because of the great potential in promotion the
PV inverters in residential electrical generation, industrialized countries are now
proceeding legislations of standards and regulations for utility interface of
residential and intermediate PV systems. In order to keep cope with the future
development trend, this three-year project focuses on the development of key
technologies for advanced utility-connected PV inverters. In the first year, we
focused on the development of a high-efficiency modular power converter for the
utility-connected PV inverters. The second year focuses on the development of
grif-connected current-fed control technique and maximum power tracking for
solar power conversion. A DSP-based grid-connected PV inverter has been
implemented to verify the proposed control schemes. The designed PV inverter
has a rating of 2 kW for 110V, 60 Hz utility. A maximum efficiency of 94% has
been achieved with a current THD lower than 3.5%. The measured performances
are better than most of commercial PV inverters.

Keywords : solar cell, photovoltaic inverter, utility-tied inverter control, robust
control, maximum power point tracking, islanding detection and
protection, DSP control, intelligent control
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STXR2000 2100TL 2500 2KW 1G2000 QS2000 Apollo 2000
AC Output Voltage (Nominal) 240 Vac 240 Vac 120 Vac 240 Vac 230 Vac 110 Vac
AC Output Voltage Range 211~264 Vac 198~260 Vac  105~127Vac 212~264 Vac 104~115 Vac
Continuous Power 2000W 1900W 2000W 1800W 1600W 2000W
Efficency (Peak) 94% 96% 92.50% 94.40% 95% 92%
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Frequency (Nominal) 60 Hz 49.8~50.2 Hz 60 Hz 50 Hz 50 Hz 50/60 Hz
DC Input Voltage (Nominal) 48 Vdc 125~600 Vdc 200 Vdc 150~450 Vdc 200 Vdc
Mppt Voltage Range 44~85 Vdc 125~600 Vdc  100~400 Vdc  150~400 Vdc 100~380 Vdc 180~240 Vdc

Full Power Output 52~85 Vvdc 450 Vdc 450 Vdc
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#include <math.h>
__declspec(dllexport) void simuser (t, delt, in, out)
double t, delt;
double *in, *out;
{
static double ek=0., ekp=0., yk=0., ykp=0., ykp2=0;
ek =in[0];
yk = (2.018*ykp - ykp2 + 1.003*ek - ekp)/1.018;
out[0] =-0.01 * yk;
ykp2 = ykp;
ykp = yk;
ekp = ek;
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DEVELOPMENT OF HIGH-FREQUENCY TRANSFORMER INVERTER
TOPOLOGIES FOR SMALL-POWER GRID-CONNECTED PV INVERTERS

Alan Wang, Bruce Chen, and Ying-Yu Tzou
Power Electronics IC Design and DSP Control Lab.,
Dept. of Electrical and Control Engineering, National Chiao Tung Univ., Hsinchu, Taiwan

ABSTRACT

This paper presents a review of the state-of-the-art
development of small-power grid-connected inverter
topologies  for  practical implementation.  Unique
requirements for small distributed power generation systems
include low cost, high efficiency and tolerance for an
extremely wide range of input voltage variations. Selection
guide lines are given based on application requirements and
cost considerations. Special attentions are focused on the
analysis of switch utilization factor in comparing
competitive inverter topologies.

Keywords — Photovoltaic inverter, grid-connected inverters,
inverter topology, distributed power generation.

1. INTRODUCTION

Due to the forthcoming energy crisis and global
environment protection, exploring renewable energy for
distributed power generation has become a world wide
research issue [1]. Among various approaches in exploring
renewable energy, economic conversion of solar and wind
energy into utility power has gained much attention due to
their continuing improvement in cost per Watts, reliability,
and easy installation. Small-power PV and wind power
generation are moving from being mainly an R&D activity
during 1990s to being one that needs promotion in the
market since 2000s and will become a major market thrust
for power generation after 2010s [2]. During the
development and promotion of PV inverters one major goal
is the need to develop cost reduction techniques to be
competitive with conventional power generation techniques.

Basically, the PV inverter system can be classified as
either stand-alone or grid-connected (or line tied).
Sometimes, a combination of both functions, a hybrid
inverter is adopted. Batteries are usually employed in a
stand-alone inverter for electrical energy storage and the

This work was supported by Bureau of Energy, Ministry of Economic
Affairs, Taipei, Taiwan. Project no. NSC 93-2623-7-009-012-ET.

The authors are with the Department of Electrical and Control
Engineering, National Chiao Tung University, 30050, Hsinchu, Taiwan.

inverter provides a regulated ac voltage source to its load
independent to the utility. While as, for a grid-connected
inverter the batteries are usually not used, and the inverter
provides a synchronously regulated ac current source to feed
the utility.

The inverters can be designed to control the power flow
between these regenerative power sources and loads. When
the utility is active, the inverter behaves as a current-
regulated inverter to supply current to the load and even to
the source. On the other hand, if the utility is inactive, the
inverter behaves as a voltage-regulated inverter to supply
power to the load. If the inverters are designed to regulate
power from PV modules to ac utility they are named grid-
connected PV inverters.

2. PV SYSTEM ARCHITECTURE

The PV modules can be series or parallel connected to
provide the dc source power for the PV inverters. There are
various configurations for the grid-connected PV systems as
shown in Fig. 1. Fig. 1(a) shows a centralized PV inverter.
The PV modules are organized to provide a specified
voltage and current supplying capability. This kind of PV
inverter is usually used in large capacity PV plant with a
rating greater than 100 kVA. Fig. 1(b) shows a PV plant
with string inverters. The PV modules are serially connected
to provide a higher dc link voltage for the connected PV
inverter. This kind of PV inverter provides advantages of
single-stage power conversion with higher efficiency and is
suitable for medium power applications.

Several smaller dc-dc converters can be used to convert
a lower dc voltage from a string connected PV modules to a
central inverter with a higher dc input voltage. This multi-
string inverter configuration, as shown in Fig. 1(c), requires
only one central inverter for the supervisory and islanding
protection functions. These smaller dc-dc converters can be
designed with MPPT control function to achieve higher
efficiency, modular structure for a lower price, and
minimization of losses due to dc transmission loss and
mismatch of PV modules.
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Fig. 2. Classification of grid-connected PV inverter systems
according to power ratings.

Module PV inverters, also known as AC module, with

rated power typically around 75-400W is shown in Fig. 1(d).

Because of the low voltage of the PV module, this kind of
inverter usually requires two-stage power conversion and
results lower over-all efficiency. However, these module
inverters provide highest flexibility and most suitable for
low power applications. The applications of these PV plant
configurations can be classified according to their power
ratings as shown in Fig. 2. There are regions that need to
consider practical limitations and economical concerns.

The functions of a grid-connected inverter include dc-ac
conversion, output power quality assurance, various
protection mechanisms, and system controls. These
requirements have driven the inverter development toward
simpler topologies and structures, lower component counts,
and tighter modular design. Both single-stage and multiple-
stage inverters have been developed for power conversion in
distributed power generation (DG) systems. The circuit
topologies for single-phase PV inverters have been
classified according to number of switches, isolated or non-
isolated, hard-switching or soft-switching.

3. DEVELOPMENT OF ISOLATED INVERTER
TOPOLOGIES

There are various topologies developed for the grid-
connected PV inverters [3]-[7]. Selection of a topology
plays key step in designing a high-performance grid-
connected PV inverter. Efficiency, cost, and controllability
are major concerns in determination of the PV inverter
topology. This paper discusses this issue.

The small-power module inverters or string inverters,
lower than 1 kW, have a great potential to become a
standard commercial product for residential power
generation. An important goal in developing modern grid-
connected inverters for distributed power generation is to
reduce its cost per watts lower than 0.25 US$/Watt and a
MTFF (meat time of first failure) longer than 10 years. One
key factor in the design of modern inverters to meet these
stringent design requirements is the development of low
cost inverter topologies.

The inherent characteristics for ac-dc and dc-ac power
conversion can be explained as illustrated in Fig. 3. The AC
power can be converted into dc power only through a
nonlinear asymmetrical resistance, e.g., a rectifier. DC
power can be converted into ac power only through the
action of an active resistive element, i.e., one containing a
region of negative slope [8]. Realization of a dc-ac inverter
requires the differential connection of two dc-dc converters
as shown in Fig. 4. Basic dc-dc converters, such as buck,
boost, and buck-boost converters, or other derived dc-dc
converters, such as Cuk or SEPIC converters can be used to
synthesize various inverter topologies. The derived inverter
can be further isolated from its output by employing either a
high-frequency transformer in the intermediate stage or a
line frequency transformer in its output. Because the
inverter possesses an inherent four-quadrant operation
characteristics it can be used for bidirectional power flow
control in during the energy conversion process.

The topologies of grid-connected inverters can be
classified as two major categories: transformer and
transformerless. A transformer PV inverter can provide
isolation and larger voltage regulation range with the cost of
adding a power transformer. In a PV inverter with line
frequency transformer, the power devices are switched at
line frequency with minimum switching losses while this
low frequency results a bulky transformer. This line-
frequency transformer can be replaced with a high-
frequency transformer by using high-frequency power
conversion techniques. In an inverter with high-frequency
transformer, a dc-ac inverter switching at high frequency is
required to reduce the size of the power transformer.
However, the increase of the switching frequency must
make a compromise with the additional switching losses and
stresses.
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Fig. 5(a) shows a nonisolated four-switch buck-boost
inverter with a single input dc source [9]. This inverter
consists of two differentially connected buck-boost dc-dc
converters. The output ac voltage can be either higher or
lower than its dc input. This converter suffers high current
switching stress in its input transistor pairs when the input
dc voltage is low. Fig. 5(b) shows its isolated version by
using an intermediate high-frequency transformer [10].

|
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DC-DC
Converter K
o “ P
71 T 20
= DC-DC Boost
Converter

1 |3
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Fig. 4. Derivation of inverter using differential-connected buck,
boos, and buck-boost converters with a single dc voltage source.

(b)

Fig. 5. Differentially-connected four-switch buck-boost inverter
with single input dc source (a) nonisolated and (b) isolated.

Fig. 6 shows an isolated six-switch flyback buck-boost
inverter with a single input dc source [11]. The two
additional switches in the output stage are used for
synchronous commutation during each half cycle of its ac
output. Reverse power flow is not possible in this converter.
The flyback transformer limits this inverter in low power
applications. The leakage inductance of the Flyback
transformer also imposes high voltage switching stresses to
the switching devices. This inverter has advantages of using
commonly used components in off-line switching power
supplies and is suitable for applications in low-power AC
modules.
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Fig. 6. Six-switch isolated buck-boost inverter by Nagao and
Harada [11].
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Fig. 8. Flyback inverter with enhanced power decoupling
capability by Shimizu [13] and Kjaer [14].

To enhance the input voltage control range of an inverter,
multi-stage converter can be adopted. Fig. 7 shows a two-
stage isolated buck-boost inverter proposed by Saha and
Sundarsigh [12]. The primary switch S5 in the front-state is
switched at high frequency to reduce the size of the
transformer and the four switches in the output stage
switching at low frequency to reduce the switching stresses.
Fig. 8 shows a flyback inverter with enhanced power
decoupling capability by Shimizu [13] and Kjaer [14]. This
inverter topology has advantage of using a small-size
intermediate dc capacitor for energy storage. Fig. 9 shows a
bidirectional dc-ac inverter by Beristain et al. [15]. Thos
converter has a merit that no additional DC-link stages are
required, providing a reduction of components.

Y|
7

Fig. 9. Bidirectional dc-ac- inverter by Beristdin et al. [15].
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Fig. 10. (a) Single-stage full-bridge isolated inverter, and (b)
double-stage full-bridge isolated inverter.
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Fig. 11. Push-pull inverter topology

Fig. 10(a) shows a voltage source single-stage full-
bridge PWM inverter switching at high frequency for
sinusoidal current fed control and Fig. 10(b) is a two-stage
high-frequency transformer Inverter. Fig. 11 shows the
push-pull inverter topology and Fig. 12 shows the half-
bridge inverter  topology. High-frequency output
transformers are employed in these inverters for grid
coupling and isolation. Leakage inductances can be utilized
to reduce the size of the output inductor. A synchronously
commutated bidirectional switch can be added to the output
to prevent reverse power flow.



ISES 2005 Solar World Congress, Orlando, USA, Aug. 6-12, 2005.

L4

_le_| 2

Cl
+
Vey == Cq

_ J_Sz_|

Dy

)

[\
Pt

D,

load

_--5._}
= e
o
2
3
o
1
L
[

FRE R

Fig. 13. Multiphase half-bridge inverter topology.

Fig. 13 shows a multiphase half-bridge inverter topology.

Several synchronously controlled half-bridge inverters can
be integrated together with phase-shift PWM control
scheme to reduce the size of the output filter inductor. This
inverter topology has advantages of employing integrated
magnetic  components  for modular  design  and
manufacturing of low-cost high power density converters in
applications to PV AC modules.

4. CONCLUSION

This paper has made a review of the development of the
converter topologies for isolated grid-connected PV
inverters. The design and application considerations in
determination of the PV plant configuration and PV inverter
topology have been given. The employment of high-
frequency transformer in the design of a grid-connected PV
inverter gets its highest benefits in low-power low-voltage
applications. With the increase of power ratings, the design
of high-frequency transformer becomes another challenging
design issue. For low-power grid-connected PV inverter in
applications below 1 kW, the high-frequency transformer
isolated inverter with single-stage conversion will become
most widely adopted inverter topology. Additional research
works are needed for a further study in design and
evaluation of these high-frequency isolated inverter
topologies in applications to small distributed power
generation systems.
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ABSTRACT

This paper report presents a review of the state-of-the-art
development of single-phase photovoltaic inverters. We
focus on technologies for the performance improvement and
cost reduction techniques developed for the design of small
power lie tie PV inverters. Some practical design
considerations are given for a DSP-controlled PV inverter.
An integration of the-state-of-art PV inverter control
techniques has been developed for a single-chip DSP-
controlled grid-connected PV inverter with a rating of 2kW.
Experimental results of the designed inverter show a high
energy-efficiency of 94 % and a low distortion on the line
current with a current THD of 2.4% at rated power.

1. INTRODUCTION

PV power generation, which directly converts solar
radiation into electricity, has many advantages such as
pollution-free, silent, and inexhaustible. With increasing
applications of solar photovoltaic devices, various solar-
powered apparatuses have been devised. PV power
generation is moving from being mainly an R&D activity
during 1990s to being one that needs promotion in the
market since 2000s [1]. One major goal is the need to
develop cost reduction techniques to be competitive with
conventional power generation techniques. However, the
development of modern PV inverters is still a state-of-the-
art synergy technology. One major design challenge is to
make a compromise between its cost and efficiency [2]-[4].

The efficiency is defined based on how many Watt-
hours generated based on a constant insolation. There are
many consideration factors involved in the design of a
practical PV inverter. These may include inverter topology
selection, maximum power point tracking (MPPT)
algorithm, inverter control technique, and islanding
detection algorithm in large, and power device switching
technique, PWM modulation algorithm, current sensing

This work was supported by Bureau of Energy, Ministry of Economic
Affairs, Taipei, Taiwan. Project no. NSC 93-2623-7-009-012-ET.

The authors are with the Department of Electrical and Control
Engineering, National Chiao Tung University, 30050, Hsinchu, Taiwan.

technique, control loop design, EMC design in details.
There exits both theoretical issues for optimal performance
and practical realization issues for cost reduction.

This paper focuses on the investigation of technologies
for the performance improvement and cost reduction
techniques developed for the design of small power lie tie
PV inverters. We make a review of recent development of
photovoltaic inverter technologies. The scope of this review
is focused on PV inverter circuit topologies, line current
control  techniques, maximum-point power tracking
techniques, and islanding detection schemes. The
development of grid-connected PV inverters are
summarized by the demonstration of a designed DSP-
controlled 2kW PV inverter.

This paper is organized as follows. Sec. 1 makes a brief
introduction of PV inverters for renewable energy
generation. Sec. 2 introduces the development of inverter
topologies, Sec. 3 makes a review of the MPPT algorithms,
and Sec. 4 presents digital control techniques for the
synchronized inverter current control. Sec. 5 introduces the
development of islanding algorithms for grid-connected
inverters for distributed power generation. Sec. 6 presents
the development of a low-cost high-efficiency DSP-
controlled 2kW PV inverter for distributed power generation.
Sec. 7 is the conclusion.

2. INVERTER TOPOLOGIES

There are various topologies developed for the grid-
connected PV inverters [5]. Selection of a suitable topology
is a key step in designing a high-performance grid-
connected PV inverters. Efficiency, cost, and controllability
are major concerns in determination of the PV inverter

topology.

The topologies of grid-connected PV inverters can be
classified according to whether it is transformer or
transformerless, one-stage or two-stage, hard-switched or
soft-switched, etc. A transformer PV inverter can provide
isolation and larger voltage regulation range with the cost of
adding a power transformer.



ISES 2005 Solar World Congress, Orlando, USA, Aug. 6-12, 2005.

Boost Converter DC Bus Inverter

+

Voceus

pv | Ve - l Viria
Array

— -1

(a) Transformerless two-stage PV inverter

e, 1

L .

PV | Ve = @ l Vara
Array

| - P

(b) Transformerless single-stage PV inverter
l

L .

PV | Vev /= N lvg"“
Array

1 IV

(c) Transformerless single-stage PV inverter with bi-directional switches
Fig. 1. Transformerless PV inverter topologies.

Fig. 1 shows major transformerless PV inverter
topologies for small power distributed generation, they may
use two-stage or single-stage; single-level or multi-level for
power conversion. Single-stage transformerless inverter has
advantages of simple circuit topology, low cost, and high
efficiency, but with the demerits of limited voltage
conversion range.

Multilevel converter technology is based on the
synthesis of the AC voltage from several different dc
voltage levels. Multilevel converters are well recognized in
applications to high power, medium voltage power
conversion. By using several levels of DC voltages, stepped
voltages can be generated at low switching frequencies.
With the increasing of dc levels, filters can be avoided or
filter effort is significantly reduced, the cost is increasing
complexity in gating signals generation. However, with the
development trend of faster price reduction in active power
semiconductor devices compared to passive power devices,
multilevel converters can be competitive for low power
applications.

Different multilevel topologies are compared in [5]
regarding their suitability for a low power, transformerless,
single phase, grid connected, photovoltaic (PV) system. Fig.
2 shows a transformerless cascaded 5-level PV inverter [6].
However, the complexity in PWM signals generation for
this multi-level converter and possible imbalance of the dc
sources make the control a challenging task.
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Fig. 2. Transformerless cascaded five-level PV inverter
topologies.
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Fig. 3. Multiphase half-bridge converter in applications for
single-phase PV inverter.

The transformer-included inverters may either utilize a
low-frequency or a high-frequency transformer. The low-
frequency transformer has drawbacks of size, weight, and
price. Modern inverters tend to use a high frequency
transformer. This results in entire new designs, such as the
Printed Circuit Board (PCB) integrated magnetic
components. High-frequency transformer isolated inverter
has advantage of wider input voltage range compared with
single-stage transformerless inverter.

Fig. 3 shows the topology of a multiphase half-bridge
inverter. This topology has advantages of modular structure,
transformer isolated, and small output filter by using phase-
shift PWM technique. However, transformer isolation to
prevent dc current injected into the grid is not a must during
the phase of task V of International Energy Agency-
PhotoVoltaic Power Systems (IEA-PVPS) [7], it states that
a small amount of injected DC current to the grid does not
affect the local distribution transformers.

Various single-stage and multiple-stage single-phase
inverter topologies appropriate for small distributed power
generation systems have been reviewed and evaluated in [8].
However, ideal inverter topology for small power
distribution systems is still to be developed. To improve
system reliability and reduce maintenance cost, small
transformerless ac modules can be used to compose a
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multilevel inverter system in accommodation to wide input
voltage variations and flexibility for different power rating
requirement.

3. MPPT CONTROL TECHNIQUES

The electric power generated by a solar array fluctuates
depending on the solar radiation value and temperature.
Inverters for PV-applications have to contain MPPT to
maintain an optimal power conversion. The conversion of
the low voltage generated at the MPP (typically around 17
V for a 36 cells module and 34 V for a 72 cells module) to a
corresponding AC current injected into the grid, must be
accomplished with the highest possible efficiency and fast
dynamic response over a wide range of PV-power. This
requirement is dependent on the irradiation distribution of
the sun and characteristics of the solar cells. A practical PV
inverter is required to develop MPPT control scheme to
track the maximum output power operating point
irrespective of the operating conditions of insolation and
environment temperature.

Various methods of maximum power tracking have been
considered in photovoltaic power applications [9]-[10]. All
these methods based on searching the maximum power
point either by a perturbation of the operating point,
calculation of the solar impedance, or searching for a
maximum power generation. The "perturb and observe
(P&O)" algorithm detects the change in the solar array
output power by continuously changing the operating point
of the PV array. The P&O algorithm is simple and easy for
implementation, however, it also has drawbacks of slow
response to discontinuous changes of insolation.

To improve this drawback, an incremental conductance
algorithm (IncCond) based on the fact that the array
terminal voltage can always be adjusted towards the Vmax
value by comparing the incremental and the instantaneous
conductances of the PV array. The IncCond method needs
to calculate the harmonic components of the array voltage
and current to adjust the array reference voltage, which
requires to develop fast and reliable method to identify the
incremental conductance of the solar array. In [11], the P&O
method was implemented using in a DSP with a self-tuning
function, which automatically adjusts the array reference
voltage and voltage step size to achieve the maximum
power tracking under rapidly changing conditions.

A PV model based on the Shockley diode equation has
been developed in [12] by using MATLAB and is used for
the evaluation of different converter topologies for MPPT
control. This model can be used to investigate the variation
of maximum power point with temperature and insolation
levels. Reference [10] has made a comparison between fixed
voltage and self-adapting MPPT for low power PV inverters
and it is found that the difference between the various

strategies is small. However, with the development of low-
cost high-performance microcontroller and dedicated PV
inverter microcontroller, MPPT control is a required
function for PV inverters. Special design must be carried out
during low insolation condition. A limit cycle may occur in
the V-I plane when the power-voltage curve becomes top
flatted during low insolation. Combination of different
MPPT methods can be used to solve this problem. In
consideration of the performance and realization of the
surveyed MPPT algorithms, a power equilibrium searching
algorithm combined with fuzzy identification of solar array
conductance has been adopted for the realization of a DSP-
controlled grid-connected two-stage PV inverter.

4. CONTROL TECHNIQUES

A stand-alone PV inverter needs to provide regulated
sinusoidal output voltage with low voltage THD for any
possible connected loads. A grid-connected PV inverter
needs to feed in-phase current to the grid with low current
THD under large input power variations. In either case,
high-quality control of the inverter output current or/and
voltage is required.

When an inverter is connected to the grid, the power
quality and the dynamic performance are affected by the
line filter connected between the converter and the grid, and
by nonlinearities caused by the inverter. For a grid-
connected inverter for distributed power generation, it is
also required to have low THD of the inverter output current,
in phase with the line voltage, and low dc current, smaller
than 0.5A for transformerless inverters. The unit power
factor control can be achieved by using a high switching
frequency inverter with instantaneous feedback control. The
current control loop can be either implemented by using
analog or digital techniques. Although the analog control
scheme is simple and easy to realize, it has demerits of not
easy for the integration with other PV inverter functions,
requiring higher switching frequency than necessary, limited
flexibility, and only feasible for simple converter topologies.
On the other hand, digital control offers potential
advantages of lower sensitivity to parameter variations,
programmability and possibilities to improve performance
using more advanced control schemes.

During the past years, various digital control schemes
have been developed for the current and voltage regulation
of voltage source PWM inverters. Reference [13] has made
a review and comparison of different state feedback
decoupling control topologies applied to inverters for
voltage regulation. The dynamic stiffness, an inverse of the
output impedance, has been adopted in evaluation of the
inverter control performances. It has concluded that a low-
cost filter capacitor current feedback controller exhibits very
good stiffness to nonlinear load changes and a 0.5% voltage
THD measured at rated rectifier load has been obtained.
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Fig. 4. Digital line current control of a grid-connected
inverter for unit power factor.

The voltage-source current-regulated inverter for
distributed power generation needs to feed sinusoidal
current in phase with the grid voltage with low total
harmonic distortion. Fig. 4 shows the block diagram of a
grid-connected PV inverter using digital current control
technique. A second-order T-type filter is used to smooth
the output current. The output current and grid voltage are
sensed for the current regulation in synchronous with the
grid voltage. The dc-link voltage is regulated to maintain at
a constant value for power balance control. Digital control
techniques provide flexibility for the implementation of
sophisticated PWM generation scheme for low-order
harmonic control. Digital control techniques can used to
improve the converter efficiency by a reduction of the
switching frequency. These new control methods may lead
to the development of a PV inverter to achieve a specified
power factor with a lower switching frequency.

5. ISLANDING DETECTION TECHNIQUES

A fault occurring in the power distribution system is
generally cleared by the protective relay that is located
closest to the faulty spot. As a result, a distributed
generation system (DG) tries to supply its power to part of
the distribution system that has been separated from the
utility's power system. In usually conditions, this DG
assumes an overloaded condition, where its voltage and
frequency are lowered and it is finally led to stoppage.
However, though this is a rare case, a DG (or a group of
generators) connected to this islanded system may provide
with a capacity that is large enough to feed power to all the
loads accommodated in the islanded system. When the loads
are fed power only from the DG even after the power supply
is suspended from the power company, such a situation is
called an "islanded operation" or "islanding" [14].

Fig. 5 shows the block diagram of an inverter side
islanding prevention mechanism. Many methods for the
islanding protection have been proposed [15]. These
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Fig. 5. Inverter side islanding prevention mechanism.

techniques can be classified into two categories: passive and
active methods. The passive schemes monitor variations of
voltage, frequency, phase, reactive power, harmonic
contents, etc. to decide an occurrence of the islanding
operation. The active schemes monitor variations of
characteristics of the grid by using a perturbation of the
injected line current. The status of islanded operation can be
detected even under the perfect equilibrium state. Active
islanding detection scheme is the major approach in the
design of an anti-islanding inverter.

The non-detection zone (NDZ) is the range of local
loads for which the islanding prevention method under
consideration can be made to fail to detect islanding. The
(NDZ) can be used to evaluate the performance of an
islanding detection method. Active islanding detection
schemes with characteristics of minimum NDZ and easy to
implement are major concerns in selection of an islanding
scheme.

The Sandia’s active islanding algorithm consists of the
Sandia frequency shift (SFS) and the Sandia voltage shift
(SVS) schemes [16]. The principle of both the methods is an
accelerated frequency and voltage drift created with positive
feedback to unstabilize the inverter when loose of the utility.
In the presence of the utility, the frequency and voltage
shifts are not effective in drifting the two parameters.
However, once the grid is disconnected, these methods force
the frequency and/or voltage to shift outside the operating
windows, causing the inverter to disconnect due to o/u
voltage and frequency protection. This method may become
a standard method in prevention islanding.

6. IMPLEMENTATION OF A PV INVERTER

The development of microelectronics has made low-cost
high-performance single-chip digital signal processor (DSP)
controller a feasible solution for complicated control
functions required in modern motor drives and power
electronics. Applying DSP control technique instead of
using the conventional analog discrete PWM control ICs,
one primary advantage is achieved by replacing hardware
with flexible software.
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Fig. 6. Integrated control of a two-stage grid-connected PV
inverter.

In general, the size of the inverter is dominated by its
output LC filter and heatsinks. We can reduce the filter size
by increasing the switching frequency; however, this
increases overall losses and requires bigger heatsinks with
more cooling. Sophisticated digital current and PWM
control techniques using advanced fixed-point DSP enables
possibility to reduce the size of a dc-ac inverter, increase

efficiency, and improve the total harmonic distortion (THD).

The synchronous sampling of the inductor current with high
current ripples can get a much more accurate and faster
current measurement with lower sampling and switching
frequency compared with conventional analog current
control techniques.

Fig. 6 shows the proposed integrated control scheme for
a two-stage grid-connected PV inverter. The front power
stage is a buck-boost converter and takes charge in the
MPPT control; the rear power stage is a full-bridge
converter takes charge in line-fed current control. A balance
controller is used for the integration of MPPT and current
control. The dc-link voltage is controlled at a specified
voltage level according the in-coming solar power.

Fig. 7 shows the block diagram of two-stage grid-
connected PV inverter. A fuzzy MPPT control algorithm is
developed for the maximum tracking of the solar energy
conversion. The algorithm employs heuristic search for
maximum power point based on current perturbation of the
PV module output current.

In order to reduce the harmonic contents of the inverter
output current cascaded output filter and EMI filter are
usually used. However, these capacitors will also introduce
low frequency dynamics which may instabilize the current
control loop or add extra phase lag to its output current. A
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Fig. 7. Block diagram of the designed two-stage grid-
connected PV inverter.

Fig. 8. Photographs of the PV inverter under development.

digital zero-phase error compensator is included in the
voltage control loop to compensate phase error resulted by
the output power filter and EMI filter. Predictive deadbeat
current control scheme with synchronous sampling
technique is employed for the current loop control.

The practical implementation of the digital inverter
controller requires careful considerations in signal sampling
and scaling of the feedback signals. Being an inherently
wide-band controller, with a very quick speed of response,
the controller is very sensitive to feedback noise and
disturbances. For this reason, particular care must be taken
in the controller PCB layout for low-level signal sampling
and ADC, DAC interface circuit design.

A prototype PV inverter has been implemented for the
verification of the proposed control scheme using advanced
fixed-point DSP controller. The 2kW anti-islanding inverter
is designed for an optimal operation of 110V, 60 Hz power
distribution system. The PV inverter can operate under a
wide dc input voltage range from 40V to 200V. The inverter
uses double-conversion when operating in low voltage mode
and automatically switches to single-conversion when
operating in high voltage mode.
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Fig. 9. Experimental results of the inverter with a rated
power of 2kW.

The designed PV inverter consists of two major parts:
one is a DSP-based inverter controller and the other is an
IGBT-based power converter. Fig. 8 shows the photographs
of the PV inverter under testing. Fig. 9 shows the
experiment results of the implemented grid-connected PV
inverter operating at rated output. The inverter achieves an
efficiency of 94% at 2kW when operating in single-
conversion mode. The output current harmonic spectrum is
shown in Fig. 9(b) with a THD of 2.4%.

7. CONCLUSION

The status of technologies development for grid-
connected PV inverters has been reviewed. Some practical
design considerations are given for a DSP-controlled PV
inverter. An integration of the-state-of-art PV inverter
control techniques has been developed for a single-chip
DSP-controlled grid-connected PV inverter with a rating of
2kW. Experimental results of the designed inverter show a
high energy-efficiency of 94% and a low distortion on the
line current with a current THD of 2.4% at rated power. It
can be concluded that with the integration of advanced
power electronics and digital control techniques, low-cost
high-efficiency small-power anti-islanding inverters for
distributed power generation will be popular home
appliances within next ten years.
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ABSTRACT

This paper presents an analysis and comparison of the
state-of-the-art development of single-phase photovoltaic
inverters. The circuit topologies for single-phase PV inverters
have been classified according to number of switches, isolated
or non-isolated, hard-switching or soft-switching. Selection
guide lines are given based on application requirements and
cost considerations. Special attentions are focused on the
analysis of switch utilization factor in comparing competitive
inverter topologies. In the implementation of a residential
photovoltaic energy conversion system, special arrangement of
the PV arrays must be taken considerations. Additional losses
may occur due to improper cascading of the PV modules.
Further looses may occur due to the configuration and
installation of the grid-connected PV inverters. This paper
makes a loss analysis of the PV module in various
configuration due to its internal resistance. The design of a
single-phase three-wire grid-connected PV inverter is given as
an illustrative example in the design of a resdential
photovoltaic energy conversion system.

Keywords—Photovoltaic inverter, solar energy,
connected inverters, soft switching.

grid-

|. INTRODUCTION

The inverters can be classified as shown in Fig. 1. The
DC source comes from the output of a series- or parallel-
connected PV modules. The stand-alone type inverter
converts an unregulated dc source to a regulated ac voltage
output for different load applications. The series-connected
inverter can transfer the dc power source to the ac power
source or load through aline frequency tri-port transformer.
The disadvantage of this inverter is the bulky transformer.
The parallel-connected inverter as shown in Fig. 1(c)
transfers the dc source power to the ac source power or load
through a series-connected inductor. This line inductor can
be very small if the switching frequency of the inverter can
be very high. The inverters shown in Fig. 1(b) and 1(c) are
classified as grid-connected or line-tied inverters.

The inverters can be designed to control the power flow
between these regenerative power sources and loads. When
the utility is active, the inverter behaves as a current-
regulated inverter to supply current to the load and even to
the source. On the other hand, if the utility is inactive, the
inverter behaves as a voltage-regulated inverter to supply
power to the load. If the inverters are designed to regulate
power from PV modules to ac utility they are named grid-
connected PV inverters. There are various topologies
developed for the grid-connected PV inverters [1-2].
Selection of a suitable topology is a key step in designing a
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Fig.2 Configurations of grid-connected PV inverter systems.

high-performance grid-connected PV inverters. Efficiency,
cost, and controllability are maor concerns in
determination of the PV inverter topology. This paper
discuss thisissue.

Il. DEVELOPMENT OF PV INVERTER TOPOLOGIES

The PV modules can be series or parallel connected to
provide the dc source power for the PV inverters. There are
various configurations for the grid-connected PV systems
as shown in Fig. 2. Fig. 2(a) shows a centralized PV
inverter. The PV modules are organized to provide a
specified voltage and current supplying capability. This
kind of PV inverter is usually used in large capacity PV
plant with a rating greater than 100 kVA. Fig. 2(b) shows a
PV plant with string inverters. The PV modules are serially
connected to provide a higher dc link voltage for the
connected PV inverter. This kind of PV inverter provide
advantage of single-stage power conversion with higher
efficiency and are suitable for medium power applications.
Fig. 2(c) shows a PV plant with module inverters. Because
of the low voltage of the PV module, this kind of inverter
usually requires two-stage power conversion and results a
lower over-all efficiency. However, these module inverters
provide highest flexibility and most suitable for low power
applications. The applications of these PV plant
configurations can be classified according to their power
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ratings as shown in Fig. 3. There are regions that need to
consider practical limitations and economical concerns.

IIl. TRANSFORMERLESS PV INVERTERS

The topologies of grid-connected PV inverters can be
classified as two magjor categories. transformer and
transformerless. A transformer PV inverter can provide
isolation and larger voltage regulation range with the cost
of adding a power transformer. In a PV inverter with line
frequency transformer, the power devices are switched at
line frequency with a minimum switching losses while this
low frequency results a bulky transformer. This line-
frequency transformer can be replaced with a high-
frequency transformer by using high-frequency power
conversion techniques.

In a PV inverter with high-frequency transformer, a dc-
ac inverter switching at high frequency is required to reduce
the size of the power transformer. However, the increase of
the switching frequency must make a compromise with the
additional switching losses and stresses. Another
disadvantage of thistopology isthat it requires athree-stage
power conversion. Various power converters can be used
for the intermediate power converters.

The employment of high-frequency transformer in the
design of a grid-connected PV inverter gets its highest
benefits in low-power low-voltage applications. With the
increase of power ratings, the design of high-frequency
transformer becomes another challenging design issue. For
medium power PV inverter applications in the range of 3-5
kVA, the transformerless PV inverter gain its momentum in
recent years due to its high efficiency and simple circuit
structure. Fig. 8 shows topologies of transformerless PV
Inverters.

Fig. 8(a) shows a voltage source full-bridge PWM
inverter using IGBTs switching at high frequency for
sinusoidal current fed control. Fig. 8(b) shows a current
source full-bridge inverter using thyristors switching at line
frequency for rectangular current fed control. The over all
performance is mainly determined by the inverter switching
losses and line current THD. Fig. 9 shows atwo-stage high-
frequency transformer PV Inverter. In the synthesis of the
PV inverter system we can define the system as shown in
Fig. 10. The PV modules are series-paralel connected
together (M x L = N) to provide a nomina output dc
voltage of Vpy and anominal output dc current of 1py.

V. CONCLUSION

This paper has made a review of the development of the
converter topologies for grid-connected PV inverters. The
design and application considerations in determination of
the PV plant configuration and PV inverter topology have
been given. The development of modern PV inverters is
till a state-of-the-art technology.
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Abstract

This paper presents the design and implementation of a
digital-controlled utility-tied photovoltaic inverters for
renewable energy applications. The photovoltaic inverter,
PV-inverter, can directly transfer the solar energy form the
solar cells to the utility power network. Applications of the
PV inverters make it possible to realize distributed power
generation systems, this can greatly relief the requirement to
build conventional power plants. A DSP-based utility-
connected PV inverter has been implemented to verify the
proposed control schemes. The designed PV inverter has a
rating of 2 kW for 110V, 60 Hz utility. A maximum
efficiency of 94% has been achieved with a current THD
lower than 3.5%. The measured performances are better
than most of commercial PV inverters.

Keywords: photovoltaic inverter, utility-tied inverter control,
maximum power point tracking, DSP control.
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(b) PV inverter with high frequency transformer.
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(b) Single-stateg PV inverter with output current circulating switch.
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Abstract: This paper presents the design and implementation
of a DSP-based fully digital-controlled single-phase three-wire
photovoltaic inverter. This proposed Design consists of two parts:
the Boost converter extracts the largest free-natured energy from
solar battery by adjusting the duty cycle of converter to the aim
that can be achieve maximum power point tracking. The
half-bridge inverter is used for output stage with multi-voltage
and for parallel with a 1 ¢ 3W electric utility lines. It will be apply
to the emergency power supply and generating electric power
effectively. In order to achieve wide bandwidth, low harmonics
and fast response system spec., the skills of dead-beat current
control, voltage imbalance control are applied. The mentioned
control algorithm, which is simple and fast, provides a significant
improvement in system dynamic responses of imbalance or
nonlinear load compared to conventional analog control
techniques. The proposed control scheme has been verified by
using computer simulation with PSIM and implemented using a
single-chip DSP controller in future. Simulation results show the
feasibility and superiority of the proposed DSP control scheme.
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