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Preface

Power Electronics is one of modern and key technologies in Electrical and
Electronics Engineering for green power, sustainable energy systems, and smart
grids. Especially, the transformation of existing electric power systems into smart
grids is currently a global trend. The gradual increase of distributed generators in
smart grids indicates a wide and important role for power electronic converters in
the electric power system, also with the increased use of power electronics devices
(nonlinear loads) and motor loadings, low cost, low-loss and high-performance
shunt current quality compensators are highly demanded by power customers to
solve current quality problems caused by those loadings. In distributed systems,
three-phase four-wire systems are mainly installed for reducing the terminal phase
voltage fluctuation. As a result, understanding the principles and operations of
power converters in three-phase four-wire systems is important and helpful for
Electrical and Electronic Engineers.

In this book, parallel three-phase four-wire power electronic converters are
mainly focused. The content starts by reviewing the power quality issues, power
quality standards, and comparing different power filter topologies, etc., in Chap. 1.
In Chap. 2, the influences of reactive, harmonics, and unbalanced current problems
on the electric power system are included; the instantaneous power theory and
different coordinate control and transformations are discussed; different power
electronic converter topologies and their corresponding space vector allocations are
compared, which provides systematic, comprehensive, and detailed coverage of
operation principles of three-phase four-wire power electronic filters. Chapter 3 is
dedicated for active power filters (APFs), in which their corresponding circuits,
mathematical models, 2D and 3D space vectors, pulse width modulations, DC
voltage control, generalization control in multi-level algorithm and parameter
design are described. Undoubtedly, lower cost, lower loss, and better performances
of power converters will be the development trends and goals in these coming
decades. Among different current quality compensators, hybrid active power filter
(HAPF) possesses high potential to get balance amount cost, loss, and performance.
In Chap. 4, with the comprehensive consideration of the cost, loss, performance,
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and anti-resonance capability, the design and control of a HAPF topology are given
as the prospective solution for the low-cost, low-loss, and high-performance current
quality compensation. In addition, the system performance analysis method, design,
control techniques, system implementation, and their corresponding hardware
platforms presented in this book can be extendable to other compensators and
power converters.

The book is intended for researchers, Ph.D. students, postgraduates, and elec-
trical power engineers who are specializing in power quality compensation, in
which they can gain the specific knowledge of the design and control of parallel
three-phase four-wire power electronics filters. Moreover, it is intended for bachelor
students and postgraduates who are specializing in electrical engineering, in which
they can gain the basic knowledge of current quality problems and its different
compensating methods, power electronics converters, pulse width modulation
(PWM), etc.

Man-Chung Wong
Ning-Yi Dai
Chi-Seng Lam
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Chapter 1
Introduction to Power Quality, Standards
and Parallel Power Quality Compensators

Abstract In this chapter, the introduction to power quality, standards and parallel
power quality compensators are discussed. In Sects. 1.1-1.3, the overview of the
power quality issues and the related international standards are reviewed. Then the
detailed description of current quality issues are discussed in Sect. 1.4. After that,
the power quality measurement results in Macau are reported in Sect. 1.5, which
reveals three main current quality problems: reactive power, current harmonics and
neutral current existed in the distribution power network. In order to relax those
problems, different shunt power quality compensators: Capacitor Bank (CB),
Passive Power Filter (PPF), Active Power Filter (APF) and Hybrid Active Power
Filter (HAPF) can be adopted and their functionalities, pros and cons are also
introduced in Sect. 1.6.

1.1 Introduction

We live in a world in which science and technology improves human living con-
ditions. However, at the same time the improvement happened with the price of
environmental degradation. The increase in demands of electric power generation
for consumption might have increased the speed of the means of environmental
pollution. Ways to reduce the energy resources, to optimize the power network, to
generate power locally to reduce transmission loss and to adapt advanced power
electronics and information technologies for the power network to be
smart/plug-and-play are being investigated. This leads to the development of smart
grid. This development is being accomplished not only for economic reasons but
also for environmental reasons, in terms of reducing the cost of electricity and the
interference among different loadings as well as improving the reliability of power
supply. With the development of the smart grid, more and more renewable energy
systems are being installed into the power networks, which may degrade the power
quality supplied to the electric users. From the end users, more sensitive electronic
appliances are applied to the grid, which may inject harmonics and reactive power
into the power system. From the point of view of energy saving, reducing

© Springer Science+Business Media Singapore 2016 1
M.-C. Wong et al., Parallel Power Electronics Filters
in Three-Phase Four-Wire Systems, DOI 10.1007/978-981-10-1530-4_1
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harmonics and reactive power can reduce extra unnecessary energy loss for electric
operations and power transmission. As a result, it is mandatory to maintain the
quality of power. In this chapter, power quality issues, its related standards, power
quality measured results and parallel power electronics compensators are discussed.

1.2 Power Quality Issues

Based on the development of science and technology, the reformation of industrial
structure and the recent development of smart grid technology, a higher demand on
improved power quality is required. However, with the proliferation and increased

Table 1.1 Power electronics and motor applications [1]

(a) Residential

(e) Transportation

Refrigeration and freezes

Traction control of electric vehicles

Space heating

Battery charges for electric vehicles

Air conditioning

Electric locomotives

Cooking

Street cars, trolley buses

Lighting

Subways

Electronics (personal computers, other
entertainment equipment)

Automotive electronics including
Engine controls

Elevators, escalators

(f) Utility systems

(b) Commercial

Heating, ventilating, and air conditioning

High-voltage dc transmission (HVDC)

Central refrigeration

Static VAR compensation (SVC)

Lighting

Computers and office equipment

Supplemental energy sources (wind,
photovoltaic), fuel cells

Uninterruptible power supplies (UPS)

Energy storage systems

Elevators, escalators

Induced-draft fans

(¢) Industrial

Boiler feedwater pumps

Compressors

(g) Custom power devices

Blowers and fans

Active power filter (APF)

Machine tools (robots)

Dynamic voltage restorer (DVR)

Arc furnaces, induction furnaces

Lighting

Unified power quality compensator
(UPQC)

Industrial lasers

Induction heating

Static synchronous compensators
(STATCOM)

Welding

Uninterruptible power supply (UPS)

Elevators, escalators

(h) Aerospace

(d) Telecommunications

Space shuttle power supply systems

Battery chargers

Satellite power systems

Power supplies (dc and UPS)

Aircraft power systems
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use of power electronics devices (nonlinear loads) and motor loadings, such as
converters, adjustable speed drives (ASDs), arc furnaces, bulk rectifiers, power
supplies, computers, fluorescent lamps, elevators, escalators, large air conditioning
systems, and compressors, etc. [1-8], it is becoming more and more difficult to
achieve this goal. Table 1.1 lists power electronics and motor applications that
cover a wide power range from a few tens of watts to several hundreds of mega-
watts in residential, commercial, industrial and aerospace systems [1, 9].

On one hand, the widespread applications of power electronic devices enable the
control and tuning of all power circuit for better performance, cost-effectiveness and
enhanced energy efficiency. On the other hand, these applications increase the
distortion and disturbances on the current and voltage signals in the power network.
This is because the power electronic devices draw harmonic currents from the
power utility and the harmonic voltage will then be generated, as the harmonic
currents cause nonlinear voltage drops across the power network impedance. The
presence of current and voltage components at other frequencies, and the negative
and zero sequences in three-phase systems are harmful to the equipment of the
power supply utilities and those of the customers. Harmonic distortion causes
various problems in power network and consumer products, such as equipment
overheating, capacitor fuse blowing, transformer overheating, mal-operation of
control devices, excessive neutral current, degrades the defection of accuracy in
power meters, etc. [S].

On the other hand, the usage of induction motor loadings will cause a phase shift
between the current and voltage in the power network, resulting in the lowering of
power factor of the loading. Loadings with low power factors draw more reactive
current than those with high power factors as the power loss increases. Moreover,
the larger the reactive current, the thicker cables are required for power transmis-
sion, which will either increase the cost or lower the transmission capacity of the
existing cables. Thus, electricity utilities usually charge the industrial and com-
mercial customers a higher electricity cost with low power factor situation.

All of these current and voltage phase shift and distortion phenomena are
responsible for the deterioration of power quality in the transmission and distri-
bution power systems. There is a need from both utilities and customers for power
quality improvement. Consequently, power quality has become an issue that is of
increasing importance to electricity consumers at all levels of usage. The principle
circumstances resulting in the increased awareness of power quality issues can be
attributed to several factors, which include [10-12].

e Conventionally, the load characteristic is inductive due to electro-mechanical
loads. Recently, load characteristics have changed from electro-mechanical into
computer applications. Large computer systems are used in many businesses
and commercial facilities. These new equipment are more sensitive to power
quality variations than the equipment applied before.

e Modern production manufacturers demand robust and stable power supplies.
Any power quality issues happened means large economic loss especially in
semiconductor production.
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e The increasing emphasis on overall power system efficiency has resulted in a
continued growth in the application of devices such as high-efficiency,
adjustable-speed motor drives and shunt capacitors for power factor correction
to reduce losses, resulting in increasing harmonic levels on power systems.

e Deregulation of power industry gives customers the right to demand higher
power quality.

1.3 Power Quality Standards

There are two common international standards relating to the voltage and current
distortion as shown below.

IEEE 519:2014: IEEE Recommended Practices and Requirements for Harmonic
Control in Electrical Power Systems [10].

IEEE 1159:1995: IEEE Recommended Practice for Monitoring Electric Power
Quality [11].

According to the above standards, Tables 1.2 and 1.3 summarize the voltage and
current harmonics distortion limits. Table 1.4 shows the categories and typical
characteristics of power system electromagnetic phenomena defined in IEEE
1159:1995.

The performances of power electronics compensators, electrical appliances or
power supplies should reach the requirements of the above standards in order to
achieve an acceptable power quality in the distribution and transmission power
networks.

Table 1.2 Voltage harmonic distortion limits defined in IEEE 519:2014

Bus voltage at PCC Individual voltage Total voltage harmonic distortion
distortion (%) THD, (%)

69 kV and below 3.0 5.0

69.001 kV through 1.5 2.5

161 kV

161.001 kV and above | 1.0 1.5

Note High-Voltage systems can have up to 2.0 % THD, where the cause is an HVDC terminal that
will attenuate by the time it is tapped for a user

Table 1.3 Current harmonic Standards

: ) e Total current harmonic distortion THD; (%)
distortion limits

IEEE 20 % THD; (for small customers)
519:2014 5 % THD; (for very large customers)
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Table 1.4 Categories and typical characteristics of power system electromagnetic phenomena
defined in IEEE 1159:1995

Categories Typical spectral Typical Typical voltage
content duration magnitude

1. Transients

1.1 Impulsive

1.1.1 Nanosecond 5 ns rise <50 ns
1.1.2 Microsecond 1 us rise 50 ns—1 ms
1.1.3 Millisecond 0.1 ms rise >1 ms
1.2 Oscillatory
1.2.1 Low frequency <5 kHz 0.3-50 ms 04 p.u.
1.2.2 Medium 5-500 kHz 20 us 0-8 p.u.
frequency
1.2.3 High frequency 0.5-5 MHz 5 us 04 p.u.
2. Short-duration
variations

2.1 Instantaneous

2.1.1 Sag 0.5-30 cycles | 0.1-0.9 p.u.
2.1.2 Swell 0.5-30 cycles | 1.1-1.8 p.u.
2.2 Momentary
2.2.1 Interruption 0.5 cycles-3 s | <0.1 p.u.
2.2.2 Sag 30 cycles-3' s | 0.1-0.9 p.u.
2.2.3 Swell 30 cycles—3s |1.1-1.4 p.u.
2.3 Temporary
2.3.1 Interruption 3 s—1 min <0.1 p.u.
2.3.2 Sag 3 s—1 min 0.1-0.9 p.u.
2.3.3 Swell 3 s—1 min 1.1-1.2 p.u.
3. Long-duration
variations
3.1 Interruption sustained >1 min 0.0 p.u.
3.2 Undervoltages >1 min 0.8-0.9 p.u.
3.3 Overvoltages >1 min 1.1-1.2 p.u.
4. Voltage imbalance Steady state 0.5-2 %
5. Waveform distortion
5.1 d.c. offset Steady state 0-0.1 %
5.2 Harmonics 0-100th H Steady state 0-20 %
5.3 Interharmonics 0-6 kHz Steady state 0-2 %
5.4 Notching Steady state
5.5 Noise Broad-band Steady state 0-1 %
6. Voltage fluctuation <25 Hz Intermittent 0.1-7 %
7. Power frequency <10s

variations
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1.4 Detailed Description of Current Quality Issues
and Standards

In this book, only shunt power quality compensators are focused for solving the
current quality issues. As a result, current quality issues and their related standards
are discussed in this section.

1.4.1 Harmonics

Harmonics are sinusoidal voltages or currents having frequencies that are integer
multiples of the frequency at which the supply system is designed to operate (e.g.
50 or 60 Hz). Harmonic distortion originates in the nonlinear characteristic of
devices and loads in the power system. These devices can usually be modeled as
current sources that inject harmonic currents into the power system. Voltage dis-
tortion results as these currents cause nonlinear voltage drops across the system
impedance. Harmonic distortion is a growing concern for many customers and for
the overall power system due to increasing application of power electronics
equipment. The harmonic sources can be grouped into three categories according to
their origin, size and predictability.

(1) Small and predictable
The residential and commercial power system contains large numbers of
single-phase converter-fed power supplies with capacitor output smoothing,
such as TVs and PCs. Although their individual rating is not significant, there
is little diversity in their operation and their combined effect produces con-
siderable odd-harmonics distortion. And the gas discharge lamps add to that
effect since they produce the same harmonic components.

(2) Large and random
The most common and damaging load of this type is the arc furnace. Arc
furnaces produce random variations of harmonics and interharmonics content
which is uneconomical to be eliminated by conventional filters.

(3) Large and predictable
Large power converters, such as those found in smelters and HVDC trans-
mission, are large harmonic current source and considerable thought is given to
their local elimination in their design. When the a.c. system is weak and the
operation is not perfectly symmetrical, uncharacteristic harmonics appear.
While the characteristic harmonics of the large power converter are reduced by
filters, it is not economical to reduce the uncharacteristic harmonics in that way
and, therefore, even a small injection of these harmonic currents can, via
parallel resonant conditions, produce very large voltage distortion levels.
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Table 1.5 Results of harmonic performance test [18]

Load Mode | Fundamental current (A) | THD-F (%) | Dominating
harmonics

Computer with monitor On 0.54 110 3rd |58 %

Laser printer Print 0.34 113 3rd |55 %

Idle 0.11 160 3rd |52 %

Fax machine Send 0.16 120 3rd |87 %
Print 3.74 6 3rd |5 %

Idle 0.11 98 3rd |54 %

Photocopier Copy |5.56 26 3rd |20 %

Idle 0.35 106 S5th |42 %

UPS #1 Server |40 35 3rd |25 %

UPS #2 PC 43 130 3rd |89 %

Magnetic ballast w/cap On 0.21 30 3rd |18 %

Electronic ballast #1 On 0.19 34 3rd |26 %
Electronic ballast #2 On 0.23 10 3rd |9 %

Sodium lamp On 0.24 64 7th |44 %

Compact fluorescent lamp | On 0.1 136 3rd |49 %

Fan coil On 8.5 5 S5th 4.8 %

Lift Run 39 36 S5th |28 %

The main detrimental effects of harmonics are [12, 13]

maloperation of control devices, signaling systems and protective relays,
extra losses in capacitors, transformers and rotating machines,

additional noise from motor and other apparatus,

telephone interference.

In the past, concentration of the harmonic problem was put on the large rating
industrial loads. But now more concentrations are put on the modern buildings,
because large numbers of loads in these buildings are “dirty” [14—18]. Table 1.5
shows the result of harmonic performance test of various commonly used equip-
ments [18]. Running a large number of these loads simultaneously will cause severe
current harmonic problems especially in three-phase four-wire distribution systems.

It can be seen from Table 1.5 that the most troublesome harmonic for loads in
modern buildings is the third harmonic. This harmonic in three-phase four-wire
distribution system does not cancel each other but returns in the neutral, which can
result in a current flowing in the neutral to exceed the line current. Excessive neutral
currents in a system contribute to the following problems:

neutral to earth voltages that create common-mode noise problems
circulating currents flowing in transformers

unbalance phase voltages

high voltage drop at loads

failure of the neutral conductor

overheating of the neutral line
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1.4.2 Current Quality Standards

There are large numbers of standards related to the power quality issues. Since
current quality issues will be the focus in this book, only current quality standards
will be discussed. Different countries developed their own harmonic standards and
set their own emission limits according to their individual conditions and require-
ments. Some of the standards are listed in the following:

IEC 61000-2-1:1990

IEEE 519: 2014

IEC 61000-4-7: 1993

China National Standard GB/T14595-93

The most common harmonic index is Total Harmonic Distortion (THD). THD is
defined as the r.m.s. of the harmonics expressed as a percentage of the fundamental
component. However, THD value may be misleading when the fundamental load
current is low. A high THD value for input current may not be of significant
concern if the load is light because the magnitude of the harmonic current is low,
even though its relative distortion to the fundamental frequency is high. To avoid
such ambiguity, IEEE Standard 519:2014 defined a factor called the Total Demand
Distortion (TDD) factor. The term is similar to THD except that the distortion is
expressed as a percentage of rated or maximum load current magnitude, rather than
as a percentage of the fundamental current. The mathematical expressions of THD
and TDD are given as the following:

THD: = (1.1)

™OD: +— (1.2)

For the IEEE 519:2014, the harmonic current limits are based on the size of the
load with respect to the size of the power system to which the load is connected.
The ratio ISC/IL is the ratio of the short-circuit current available at the point of
common coupling (PCC), to the maximum fundamental load current. The current
distortion limits vary according to the system voltage level. The research work of
this book will mainly focus on the user-end and the system voltage is smaller than
1000 V, therefore, the current distortion limits as listed in Tables 1.3 and 1.6 can be
considered. For simplicity, THD; < 15 % for IEEE* can be considered as the
current distortion limit to justify the compensating performances of parallel power
electronic compensators in both simulations and experiments.

4 With reference to the IEEE standard 519-2014 [10], the acceptable Total
Demand Distortion (TDD) < 15 % with IgA/I; is in 100 < 1000 scale (a small
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Table 1.6 Current distortion limits for general distribution systems (120 V through 69000 V) in
IEEE 519:2014

Maximum harmonic current distortion in percent of I,

Individual harmonic order (odd harmonics)

Isc/IL <11 11<h<17 17<h<?23 23 <h<35 35<h TDD
<20" 4.0 2.0 1.5 0.6 0.3 5.0
20 < 50 7.0 3.5 2.5 1.0 0.5 8.0
50 < 100 10.0 4.5 4.0 1.5 0.7 12.0
100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Even harmonics are limited to 25 % of the odd harmonic limits above.

Current distortions that result in a dc offset, e.g., half-wave converters, are not allowed.

#All power generation equipment is limited to these values of current distortion regardless of actual
Isc/IL

where Isc = maximum short-circuit current at PCC

Ip. = maximum demand load current (fundamental frequency comment) at PCC

rating experimental prototype). The nominal rate current is assumed to be equal to
the fundamental load current at the worst case analysis, which results in
THD = TDD < 15 %.

1.5 Power Quality Measured Results in Macau

Macau is one of the two special administrative regions (SARs) of the People’s
Republic of China. Macau lies on the western side of the Pearl River Delta across
from Hong Kong to the east, bordered by Guangdong Province to the north and
facing the South China Sea to the east and south. The territory’s economy is heavily
dependent on gambling and tourism, but also includes manufacturing. The power
quality measured results in Macau can be a typical example for one to figure out a
draft picture of the power quality issues in different regions.

The power consumption distribution in Macau in 2004 and 2006 are shown in
Tables 1.7 and 1.8, which are provided by the CEM (The Electricity Company of
Macau) Statistics 2004 and 2006 [19]. It can be seen from Tables 1.7 and 1.8 that
there is over 60.0 % of the total power consumption is from commercial buildings,
hotels and recreation, and public administrative buildings.

In addition, Fig. 1.1 shows the total electricity consumption (GWh) in Macau
between 1996 and 2012 [19]. Since the trend of the total electricity consumption
(GWh) in Macau increases every year, and there are also more and more new
casinos and hotels being constructed in Macau, the total power consumption from
commercial buildings, hotels and recreation, and public administrative buildings in
Macau will still continue to occupy a large portion of the total electricity con-
sumption in future.
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Table 1.7 Electricity consumption distributions in Macau in year 2004

Year 2004 Number of Electricity
customers sales

Type of customer Number | (%) GWh (%)

Domestic 173,760 | 87.1 588.9 [31.3

Commercial, hotels and recreation, wholesale and retail 21,119 10.6 972.6 51.6

Industrial 2,422 1.2 141.9 7.5

Public sector and street lighting 2,281 1.1 180.7 9.6

Table 1.8 Electricity consumption distributions in Macau in year 2006

Year 2006 Number of Electricity
customers sales

Type of customer Number (%) GWh (%)

Domestic 178,924 | 86.6 660 27.9

Commercial, hotels and recreation, wholesale and retail 22,802 11.0 1338 56.5

Industrial 2,378 1.2 150 6.3

Public sector and street lighting 2,410 1.2 220 9.3

4000 -

3000 -
2500 -

1500 -
1000 -

Total Electricity Consumption (GWh)
in Macau

4500 +

3500

2000

500 +

19962012 Total Electricity Consumption (GWh) in Macau

4002
- 3809

3654
w3475

1727 1760
1539 1672 1682

-

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year

Fig. 1.1 Total electricity consumption (GWh) in Macau between 1996 and 2012

The commercials buildings, hotels and recreation, and public administrative
buildings are generally equipped with large centralized air conditioning systems,
lighting systems, elevators, escalators, computers and office equipment, etc. as
shown in Fig. 1.2. Those facilities will cause power quality problems such as:
reactive power, current harmonics and neutral current in the distribution power
network. As a result, it is important to concentrate on the power quality problems of
these facility types in Macau as well as in other parts of the world.
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|
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Computers

| Office Equipments |

Fig. 1.2 General facilities installed in commercials buildings, hotels and recreation, and public
administrative buildings

Since the Year 2003, the power quality monitoring works has been carried out
by Power Electronics Laboratory (PELab), University of Macau in several Macau
locations to evaluate the power quality situations. For the power quality measure-
ment, a power quality analyzer ACE-4000, a survey-based power quality analyzer,
is used. The power quality data is captured continuously for a complete working
cycle (five business days and a weekend) at each measuring site. Based on the data
that were measured and recorded for a commercial building, a hotel and recreation
property, a middle school, an indoor sport center and three public administrative
buildings, the most serious current quality problems are illustrated in the following
sections such as low power factor, current harmonics, excessive neutral and
unbalance currents. The details will be discussed in this section.

1.5.1 Low Power Factor—Reactive Current Problem

In Macau, there are three Tariff Groups according to the billing policy of CEM.
Both customers of Group B and C need to pay for the reactive power when the
power factor is lower than 0.857. Table 1.9 shows the power factor measurement
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Table 1.9 Power factor measurement data for 7 buildings in Macau

Type of building Power factor
Phase A Phase B Phase C Three-phase
Max. |Min. |[Max. [Min. |Max. |Min. |Max. |Min.
Commercial building 0.953 [0.808 | 0.950 |0.825 |0.915 |0.758 |0.940 |0.801
Hotel 0.997 [0.910 |0.996 |0.911 |0.993 |0.887 |0.994 |0.905
Middle school 0.953 [0.761 |0.996 | 0.750 |0.969 |0.627 |0.967 |0.771
Indoor sport center 0.686 |0.634 | 0.809 | 0.748 | 0.901 |0.854 |0.771 |0.723
Public administrative 0.963 [0.792 |0.972 |0.791 |0.962 |0.807 |0.957 |0.797
building A
Public administrative 0.885 [0.735 | 0.879 |0.727 |0.922 |0.758 | 0.887 |0.742
building B
Public administrative 0.959 |0.724 | 0.967 |0.724 {0.937 |0.714 |0.951 |0.720
building C

data for these 7 buildings in Macau [20], the bold data illustrates that the corre-
sponding building is required to pay extra fees for the reactive power consumption.

1.5.2 Current Harmonics

From the current distortion limits in Table 1.3, nearly all the recorded THDi of
phase currents for these 7 buildings in Macau exceed the limit. The THDi mea-
surement data for these 7 buildings in Macau are summarized in Table 1.10 [20].

1.5.3 Excessive Neutral and Unbalance Currents

This severe problem has been overlooked for a long time. However, it is not
uncommon for the neutral current to exceed the phase current, which gives rise to a

Table 1.10 Total current harmonic distortion (THD;) measurement data for 7 buildings in Macau

Type of building Total current harmonic distortion (THD; %)

Phase A Phase B Phase C

Max. Min. Max. Min. Max. Min.
Commercial building 37.04 9.08 39.96 9.61 45.41 9.67
Hotel 33.21 6.04 30.80 7.14 28.66 6.47
Middle school 46.83 3.01 64.13 3.54 63.73 2.89
Indoor sport center 13.75 10.89 17.89 14.40 24.47 18.79
Public administrative building A 28.09 3.92 50.75 3.78 47.65 5.60
Public administrative building B 19.27 2.82 20.06 2.42 27.12 3.56
Public administrative building C 25.61 2.54 28.84 3.10 27.01 2.37
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possibility of overloading the neutral conductor, thus also having a potential of
causing fire. Moreover, it will increase transformer loss. Figure 1.3 shows the phase
and neutral current root mean square (RMS) measurement data for one building
[20], in which the neutral current is always larger than the phase current during
office hours and the currents are unbalanced.

From Tables 1.7 and 1.8, there are over 60 % of the total power consumption
from commercial buildings, hotels and recreation, and public administrative
buildings. They are usually equipped with a large centralized air-conditioning
system. If the loading is dominated by a centralized air-conditioning system, its
reactive power consumption will be much higher than the harmonic power con-
sumption [20]. As a result, the reactive power problem is usually more serious than
the harmonic power problem if the commercial building or hotel and recreation or
public administrative building is equipped with a large centralized air conditioning
system. Therefore, the reactive power problem will be the first priority to be solved
in Macau. In order to solve the current quality problems, shunt power quality
compensator can be implemented between the load and the power supply sides. In
the following section, the development and different shunt power quality com-
pensators in distribution power system are introduced and discussed.

1.6 Shunt Power Quality Compensators

Shunt capacitor banks (CBs) as shown in Fig. 1.4 are used extensively in distri-
bution power systems for power-factor correction and feeder voltage control. The
principal advantages of CBs are their low cost and flexibility of installation and
operation. However, the CB can easily be burnt if the current harmonics level is
high. Moreover, the reactive power output is reduced at low load voltage. In order
to solve the current harmonics problem, passive power filters (PPFs) as shown in
Fig. 1.5 can be employed. Since the first installation of PPFs in the mid 1940s,
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PPFs have been widely used to suppress current harmonics and compensate reactive
power in distribution power systems [21] due to their low cost, simplicity and high
efficiency characteristics. Unfortunately, there are many disadvantages such as low
dynamic performance, resonance problems, filtering characteristic easily be affected
by small variations of the system parameters, etc. [3—8, 22, 23]. Since the concept
“Active ac Power Filter” was first developed by Gyugyi in 1976 [4, 21], the
research studies of the active power filters (APFs) as shown in Fig. 1.6 for current
quality compensation prosper. APFs can overcome the disadvantages inherent in
PPFs, but their initial and operational costs are relatively high [3-7, 24, 25] due to
the costs of semiconductor switching devices with its drivers and digital controller.
In addition, the dc-link operation voltage of APF should be higher than the load
voltage, thus the cost and switching loss of the switching devices would increase.
As a result, their large-scale application in distribution power networks slows down.
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Table 1.11 Operational functions for shunt current quality compensators in distribution power

system
Shunt current quality compensators
Passive DFACTS
components
CB PPF APF HAPF
Current quality Current harmonics - wE wE * or ¥**(D)
Neutral current - - * *
Reactive current ok * * *#*(D) or *
- - N N

The symbol ‘*’ means that the device has this function

The symbol ‘**’ means that this is the main function for this device

The symbol “**(D)’ means that this is the main function for this device if design accordingly
The symbol ‘N’ means that the device needs non-sinusoidal waveform

CB Capacitor Banks, PPF Passive Power Filters

APF Active filters, HAPF Hybrid Active Power Filters

Later on, different Hybrid Active Power Filter (HAPF) topologies composed of
active and passive components in series and/or parallel have been proposed [3-8,
26-34] aiming to improve the compensation characteristics of PPFs and to reduce
the voltage and/or current ratings (costs) of the APFs, thus leading to the relatively
effectiveness in system cost and performances. Figure 1.7 shows a circuit config-
uration of a typical type of HAPF. Table 1.11 summarizes the operational functions
for these four current quality compensators [32-35] in distribution power network.

1.7 Summary

In this chapter, the introduction of power quality issues, standards, measured results
in Macau and the power quality compensators are given. In the upcoming chapters,
basic principles, operational algorithms and characteristics for parallel power
electronics filters: active power filters (APFs) and hybrid active power filters
(HAPFs) are discussed respectively.
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Chapter 2
Basic Principles for Parallel Power
Electronic Filters

Abstract In this chapter, the basic principles for parallel power electronics filters
are discussed. In Sect. 2.1, the influences of reactive power, harmonics and
unbalance are given, which affect and degrade the practical power network. The
basic circuit configuration for injecting and absorbing compensating current is
discussed. Furthermore, several parallel power filters are given and compared. In
Sect. 2.2, instantaneous power theories which are important for detecting the
compensation current components and controlling the fast response of power
electronic compensators are introduced and addressed. Finally, different power
electronic converters are discussed and compared in Sect. 2.3. The effect of dc
voltage variation on the switching functions are also introduced in Sect. 2.3.

2.1 Parallel Compensation for Reactive Power, Current
Harmonics and Unbalance

In an ideal case, to reduce the oscillating power components flowing between the
source and loads, the voltage and current should be sinusoidal, in-phase and bal-
anced. Thus, the electric system can be operated with higher efficiency and better
power quality without reactive power, harmonics and unbalance problems in the
power network. However, in practical cases, due to the common loads which are
normally inductive and non-linear as well as the unpredictable loadings in different
phases in a three-phase system, there will be reactive power oscillating around the
system, and distorted unbalance current waveforms would exist. Reactive power,
current harmonics and unbalance problems usually occur in practical power net-
works, in which the influences of reactive power, harmonics and unbalance are
given as follows. After that, the basic principle of parallel compensators is intro-
duced in this section.

© Springer Science+Business Media Singapore 2016 19
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2.1.1 Influence of Reactive Power

The reactive power occurs when there is a phase angle difference between the
voltage and current under a storage passive load. The reactive power in an electric
network causes the following issues:

6]

(@)

3

The reactive power increases the system capacity rating. Increasing the reac-
tive power causes the source current to increase. As a result, the apparent
power is increased too. Thus this increases system capacity ratings of gener-
ators, transformers, transmission lines, electric applications and measurement
systems. Finally, all initial costs are increased proportionally.

The reactive power is an oscillating power between the source and the load; it
increases the unnecessary source current. As a result, the transmission loss is
increased by the reactive power flowing inside the system. Under a
steady-state condition, the reactive power is expressed as Q. The root mean
square (RMS) source current can be decomposed into active current, I,, and
reactive current, 1. The transmission loss can be represented by (2.1), where R
is the transmission line total resistance and V is the RMS source voltage.

P2 2
il %

_2p _ 2 2 _
AP = I’R = (1P+14)R_ =

(2.1)
The second term of (2.1), (Q*/V?)R causes the additional power loss by
reactive power flow. When all the instantaneous reactive power can be
compensated, the transmission loss can be reduced.

The voltage variation of transformers and feeding networks can be increased.
Figure 2.1 shows an equivalent circuit for reactive power influence on
transformers, where Vj is the source voltage, a transmission line normally is
inductive with R (transmission line resistance) and X (transmission line
inductance), the feeding terminal voltage V with equivalent loading admit-
tance for transformers such as G (conductance) and B (inductive admittance)
and system current 1.

Load
Y=G-jB

~

Fig. 2.1 Equivalent circuit for reactive power influence on transformers
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Fig. 2.2 Phasor diagram for
reactive power influence on
transformers

From Fig. 2.2, the phasor diagram shows that the transmission line impedance

causes the terminal voltage drop, AV. AV means a terminal voltage vector that can
be decomposed into a real part and an imaginary part respectively.

AV =Vs—V = (R+jX)-1 (2.2)
. V:G—-jV’B P—jQ
I= —jB) = = 2.
V(G - jB) v v (2.3)
P—j RP+XQ XP—R
AV = (R+jX) ( V]Q>: ;L/ Q. = Q _ AVe+jAVy  (24)

By checking the phasor diagram, due to the small phase angle difference
between \75 and \7, it shows that AV ~ AVg. Finally,

RP +XQ

AV%AVR: v

(2.5)

Normally, X >> R. As a result, the active power does not influence too much on
the terminal voltage variation. On the other hand, the reactive power causes more
terminal voltage variation. Voltage variation can affect the normal operation of
other electric applicants and finally the quality of power supplied to the users.

2.1.2 Influence of Harmonics

In the ideal case, the voltage and current should be sinusoidal, which do not have
any harmonic component. A harmonic of a wave is a component frequency of a
signal that is an integer multiple of the fundamental frequency, where the funda-
mental frequency is the system operating frequency which is 50 Hz in China and
60 Hz in America. In practical cases, the voltage and current cannot or may not be
sinusoidal. Figure 2.3 shows practical measured voltage and current waveforms
respectively, it shows that the current is highly distorted and the voltage quality is
affected due to the current distortion.

Table 2.1 depicts the harmonic amplitudes of the current waveform of Fig. 2.3,
which shows that its Total Harmonic Distortion (THD) is 127.39 %.
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and current waveforms

Table 2.1 Harmonic amplitude of current waveforms in Fig. 2.3

CHI1: Value harmonic

Order (A) Order (A) Order (A)
1 100.00 0.48 18 21.98 0.74 35 4.19 0.48
2 547 0.49 19 16.13 0.43 36 8.51 0.49
3 52.17 0.40 20 22.16 0.56 37 6.36 0.55
4 5.70 0.43 21 8.54 0.29 38 5.89 0.39
5 24.24 0.30 22 9.87 0.31 39 8.65 0.50
6 15.58 0.41 23 4.93 0.28 40 9.24 0.30
7 44.01 0.33 24 2.28 0.37 41 7.53 0.42
8 24.43 0.41 25 8.27 0.42 42 7.97 0.31
9 59.72 0.35 26 9.49 0.47 43 7.53 0.46
10 23.15 0.35 27 5.39 0.51 44 6.35 0.34
11 40.38 0.22 28 13.71 0.52 45 2.84 0.41
12 14.66 0.33 29 3.62 0.36 46 3.52 0.31
13 17.03 0.30 30 12.95 0.45 47 4.45 0.37
14 11.81 0.56 31 5.79 0.32 48 4.13 0.37
15 14.71 0.44 32 9.54 0.35 49 9.14 0.39
16 16.02 0.68 33 5.64 0.37 50 0.33 0.44
17 19.74 0.49 34 3.28 0.35 THD 127.39 3.00 (%)
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The harmonics existed in power networks can cause the following problems:

(1) Harmonic current can cause additional power loss and reduce the system
efficiency of generators, power transmission and electric utilities. When large
amounts of triple harmonic current exist in the neutral wire in a three-phase
four-wire system, it may cause overheating and even a fire at the neutral wire.

(2) Harmonics influence normal operations of electric applicants and can reduce
the expected life period of electric applicants.

(3) Harmonics may cause series and parallel resonance in a specific region of the
power networks.

(4) Harmonics may trigger the protection system which causes power breakdown
or operates abnormally.

(5) The power measurement system may include calculation errors.

(6) The communication system can be influenced by harmonics due to electro-
magnetic interference.

2.1.3 Influence of Unbalance

In an ideal balance three-phase system, the three-phase voltage RMS amplitudes
should be the same and phase angle difference among them should be 120° apart
from each other. However, in practical cases, the voltage and current may not be
balanced. Figure 2.4 exhibits the measured three-phase current and the neutral
current waveforms in a distributed transformer, which shows that the system is
operated under unbalance and with high neutral current amplitude.

The unbalance exists in power networks can cause the following problems:

(1) In low voltage distribution sites, three-phase unbalance loading may cause
user’s voltage variation. On one side, the terminal voltage may be higher and it
may destroy electric applications, and the electric applicants in low voltage
side may not operate normally. Figure 2.5 shows a three-phase four-wire

Fig. 2.4 Three phase current
and neutral current
waveforms

Amps poak
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Fig. 2.5 A three-phase
four-wire system

Fig. 2.6 A three-phase
four-wire system unbalance
phase diagram
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system connected with different load impedances, Z,, Zg and Zc.
Equation (2.6) shows that the neutral voltage V), may not be zero if the loads
are unbalance with balanced voltage situation, in which Y4, Yg and Y¢ are
equivalent loading admittance Fig. 2.6 displays the phase diagram for terminal
user voltages,V, s, Vgy and V., which shows that the terminal user voltages
can be varied if the loads are unbalanced and the neutral line impedance, Zy;, is
not small enough.

VaYy+ VpYp+VcYe
Yo+Yp+Yc+ i

Vvn = (2.6)

There is an additional loss in the electric motors and generators due to the
negative sequence of the unbalance current, and negative sequence can reduce
the resultant torque of a motor and its efficiency, and finally it causes the
vibration between the stator and rotor of a motor.

Abnormal operation of protected systems in a power network degrades the
stability and security of the power system.

Unbalance voltage may cause additional harmonics from the semiconductor
converters.
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(5) The system capacity utilization ratio of a generator can be degraded.

(6) The operation point of a transformer that may shift up or down causes har-
monic distortion on the voltage waveforms and additional loss inside the
transformer, which increases the temperature of the transformer and its
peripheral environment.

(7) The unbalance operation degrades the electric system efficiency and the
quality of telecommunication systems.

(8) High neutral current causes overheating and failure of the neutral conductor.

2.1.4 Basic Principle of Parallel Compensation

Figure 2.7 shows the basic configuration for parallel current quality compensation.
Figure 2.8 shows its corresponding waveforms for compensation. The compensator
is connected in parallel with the load. It shows a source supplying a non-linear load
that is being compensated by a shunt compensator. As a result, the source current, is
can be balanced and sinusoidal. However, the load current, ?L does not change
before and after compensation. The load currents of non-linear unbalanced loads are
still unbalance, non-sinusoidal and with harmonics. On the other hand, the com-
pensator injected current, ic turns the source current to be balanced and sinusoidal.
The ideal compensator is a controlled current source that can inject or draw any set
of arbitrarily compensating current reference, ?&

Basically, there are 4 different kinds of parallel compensators: Capacitor Banks
(CB), Passive Power Filters (PPF), Active Power Filters (APF) and Hybrid Active
Power Filters (HAPP).

Voltage
Source ~
I _ i,
A\ 14 Non-Loads

=

i, —> Compensator

Fig. 2.7 Basic configuration for parallel compensation
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Fig. 2.8 Corresponding
compensation waveforms v, .

Fig. 2.9 Parallel capacitor
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2.1.4.1 Capacitor Banks (CB)

Shunt Connected Capacitor Banks (CB) are extensively used in distribution power
networks for power factor correction and feeder voltage control due to its relatively
low cost and simplicity, which are developed mainly for reactive power compen-
sation as shown in Fig. 2.9. However, since the current passing through the
capacitor is proportional to the frequency and rate of change of voltage, the parallel
capacitor banks may possibly be damaged and may even cause explosion as shown
in Fig. 2.10 if the harmonics level is high. Moreover, CBs have other disadvantages
such as static compensation capability (low dynamic performance), slow response
time and resonance phenomena.

2.1.4.2 Passive Power Filters (PPF)

The first installation of Passive Power Filters (PPF) was in 1940s [1], PPFs have
been widely used to suppress current harmonics and to compensate reactive power
in distribution power systems due to its low cost, simplicity and high efficiency [2—
4]. The system configurations of conventional passive power filters (PPF) are
shown in Fig. 2.11. PPFs have been considered a good alternative for current
harmonic compensation and displacement power factor correction. In general,
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Fig. 2.10 Capacitor bank
explosion in a power
sub-station

Fig. 2.11 Parallel passive
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passive tuned filters have been used to eliminate low frequency current harmonics
while high-pass passive units have been connected to attenuate the amplitude of
high frequency current components [5, 6].

Technical disadvantages of PPFs have been extensively discussed and the
inherent drawbacks [2-7] are:

Source impedance strongly affects filtering characteristics.
PPF may fall in series resonance when source harmonic voltage produces
excessive harmonic current flowing into PPF.

e The shunt PPF may fall in parallel resonance with the source impedance.

e Small design tolerances are acceptable in the values of L and C. Small variations
in the values of L or C modify the filter resonant frequency.

In addition, the PPF cannot modify their compensation characteristics according
to the dynamic changes of the nonlinear load. The PPF generates fundamental
frequency reactive power that changes the system voltage regulation, and if the
filter is not designed properly or disconnected during low load operating conditions,
over-voltage can be generated at its terminals [8].



28 2 Basic Principles for Parallel Power Electronic Filters

Fig. 2.12 Topology of an
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2.1.4.3 Active Power Filters (APF)

Since the concept “Active ac Power Filter” was first developed by Gyugyi in 1976
[9], the research studies of the active power filters (APFs) for current quality
compensation prosper. With the remarkable progress in the speed and capacity of
semiconductors switching devices, such as GTO thyristors and IGBTs, active
power filters consisting of voltage or current source pulse width modulation
(PWM) inverters have been studied and put into practical use [9, 10]. The APFs
improve the power quality by injecting equal but opposite currents to compensate
harmonic distortion, reactive power and unbalance currents in the power network.
Figure 2.12 shows the system configuration of an APF. APFs consisting of
voltage-fed PWM inverters using IGBTs or GTO thyristors are operating suc-
cessfully, making significant contributions to improving power quality [11]. The
APFs have the ability to overcome the above-mentioned disadvantages inherent in
PPFs. However, the initial costs and running costs of the APFs are much higher
than those of the PPFs [11, 12] due to the costs of semiconductor switching devices
with its drivers, signal conditioning boards and digital controller(s).

2.1.4.4 Hybrid Active Power Filters (HAPF)

The CBs and PPFs cannot achieve dynamic reactive power and current quality
compensation but their costs are relatively low. Sometimes, they may cause the
operation problems in the power networks and even explosion. The APFs can
overcome the above issues, but require high initial and operational costs. There is
an alternative that is to combine both PPF and APF to form a Hybrid Active Power
Filter (HAPF) [2, 11]. Hybrid active power filters (HAPFs) consist of active and
passive filters connected in series or parallel to each other so that the advantages of
both filters can be combined. The main purpose of the HAPF is to improve the
compensation characteristics of PPF and reduce the costs of the APF. It leads to the
effective balance in cost and performance for current quality compensation.
Figure 2.13 shows a typical topology of an HAPF.
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Fig. 2.13 A typical topology
of a hybrid active power filter
(HAPF)
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In this book, the APF and HAPF are the focus. More details are discussed in
Chaps. 3 and 4. In next section, the instantaneous compensation current technique
to control the voltage source inverter (VSI) so as to inject or absorb the required
compensating current instantaneously will be discussed in detail.

2.2 Instantaneous Power Compensation

Conventionally, the active, reactive and apparent powers are defined under
steady-state, which are calculated by root-mean-square (RMS) voltage and current
values and/or phase angle difference between the voltage and the current. It means
that the compensation or the measurement equipment needs to wait at least one
period long, for example 0.02 s in a 50 Hz frequency system, in order to get power
components for further operations. As a result, the speed for the response by the
compensators is relatively low.

In 1983 [13, 14], the instantaneous active and reactive power theory or the p-q
theory was first introduced by Akagi et al. in Japan. The p-q theory [14, 15]
pioneered in transforming voltages and currents from abc to aff coordinates. This
concept has provided an effective method to compensate the instantaneous com-
ponents of reactive power for the three-phase system without energy storage.
However, this instantaneous reactive power theory has a conceptual limitation as
pointed out in [16], i.e., the theory is only complete for the three-phase systems
without zero-sequence currents and voltages.

To resolve this limitation and associated problems, Willems and Nabae proposed
some attractive approaches to define the instantaneous active and reactive currents
[16, 17]. However, their approaches are to deal with the decomposition of currents
into orthogonal components rather than with the power components. In 1996, a
generalized theory of instantaneous reactive power has been proposed [18-21]. The
generalized theory is valid for sinusoidal or non-sinusoidal and balanced or unbal-
anced three-phase systems, with or without zero-sequence currents and/or voltages.
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In this part, the definitions of this generalized instantaneous reactive power theory
are given both in a-b-c and a-f-0 coordinates. Finally, the compensating current can
be calculated and is discussed in this section.

The instantaneous active power p and reactive power g of a three-phase system
are defined as:

p="v-i (2.7)
Gg=vxi (2.8)
q = 4| (2.9)

where “” denotes the dot (internal) product or scalar product of vectors, “X”
denotes the cross (exterior) product of vectors or vector product, v and i are the
voltage and current vectors. Since the instantaneous reactive power obtained from
Eq. (2.8) is a vector, the magnitude or the length of the instantaneous reactive
power is often used, which is defined in Eq. (2.9).

2.2.1 Definitions in a-b-c Frame

For a three-phase system, instantaneous voltages v,, v, V. and instantaneous cur-
rents i,, ip, i are expressed as instantaneous space vector V and i, i.e.,

V = vy + vpitp + Vi, (2.10)
§ = ity + ipit) + i, (2.11)
where (7i,, iy, 7i.) is a basis in a-b-c frame.

By using the definitions of (2.7) and (2.8) the instantaneous active and reactive
powers can be expressed as:

P =V 1= Vaia + Vpip + Ve, (2.12)
G =V X 1= quiiy+ qpitp + qciic (2.13)
where
v B o ve e Ve g
qa = Ve ic y b = vy ia y de = Vb ib
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Finally, instantaneous reactive power is:
g = (Vpic — velp)itg + (Veiy — Vale)ip + (Valp — Vpla)Tie (2.14)

The instantaneous active current vector i, and the instantaneous reactive current
vector i, are expressed as:

_ Lap

ip= | i Z%v :%v (2.15)
iep RV
iw] - -

= . gxXv gxv

lg= |Wp | = =3 =0 (2.16)

where v = ||\7|| = \/W and i = i)"‘;q

2.2.2 Definitions in a-f-0 Frame

The o-f-0 transformation of a three-phase four-wire system gives:

io 1 _ia
iy | =[P | ip (2.17)
ip | | ic
Vo 1 -Va
vl =17 [ v (2.18)
Vg | L Ve
where
[V e 1/
P=4/5| cosO  cos(0—120°)  cos(60+120°)

| —sinf —sin(6 — 120°) —sin(6+ 120°)
5 1/f 1/vV2  1/v2
=4/ 12 —1)2
3 0 V3/2 —V3)2

for 0 = 0, then [P]" = [P]", the matrix [P] is the Clarke Transformation which
transfers voltages and currents from a-b-c to a-f-0 coordinates.
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As a result, the instantaneous active power can be expressed as:

—

Papo)y = V-

i= 17(0(/30) . i(“/;()) = Vyly + Vﬁi/g —+ volo (219)
where the suffixes “(abc)” and “(af0)” denote the corresponding coordinates. Then,
its instantaneous active power can be expressed as:

-

P(abe) = ‘_;(abc) : .(abc = [‘_;]Tn
Plapo) = V(apo) * i(zpo) = ([PIF)[P)[i] = [¥" [P]"[P][i]
=[N = ']

SO P(apo)y = Vi = V(up0) * L(ap0) = V(abe) * I(abe) = Plabe)
Furthermore, the instantaneous reactive power can be expressed as:

q(“ﬂo) = V(aﬁo) X ?(aﬁ)o) = (Vﬂio - Voi/j)ﬁa + (voly — Vaio)ﬁﬂ + (V“iﬁ - Vﬂix)fl‘o
(2.20)

-

G(apo) = Fupo) X i(ap0) = ([PIFiane)) X ([Pli(ase))
= [P](‘_;(abc) X i(abc)) = [P (_j(abc)

because ||[P]|| = | and Hq(abc)H = HQ(OC/}O)H can be deduced.

The previous discussion indicates that the definitions of instantaneous active and
reactive power can be expressed in both abc and af0 coordinates, and the used
coordinates are linear independent to each other.

Similarly, the instantaneous active and reactive current components in o-f-0
coordinates can be written as:

2 p 5
l = Q=5 —V 221
P gy Viapo) 220
- G X V(upo)
lq(at[f()) =g (222)

V(po) * V(xp0)
In addition, if the generalized instantaneous reactive power theory is applied to

the three-phase three-wire system, i.e., vo = 0 and iy = 0, the following results can
be derived.

P = V(apo) " Lnp0) = Vaia + Vpip (2.23)

q = [|[Fupo) X i(upo)|| = Vuip — Vi (2.24)
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2.2.3 Mixed-Coordinate Instantaneous Compensation

Based on previous parts, three-phase voltages and currents can be described by the
3-dimensional base either in abc or af0 coordinates. In general, the equivalent
voltage and current vectors can be expressed by (2.25) and (2.26) in xyz coordinate.
The xyz can be abc or off0 coordinates

Ve = Vyliy + Wiy + v,ii, (2.25)
i, = ity + ity + i, (2.26)

The instantaneous active and reactive powers can be expressed by (2.27) and
(2.28), which can be further decomposed into average and oscillating components
as given in (2.29) and (2.30).

P = Ve - Ie = Vil + Vyiy + Vi (2.27)

G =V X iy = (Vady — vyl )il + (Vi — Vol )il + (Vo — Vi, )ity (2.28)
p=p+p (2.29)

i=q+q (2.30)

Additionally, the instantaneous active and reactive current can be expressed as
follows:

2 P ‘_;e

= 2.31
Ip ‘_;e . 17(3 ( )
- gXxV,

= 2.32
lq Ve . ‘_;e ( )

Finally, its injecting current for compensation can be expressed by (2.33), which
shows that only oscillating component of instantaneous active power and all
instantaneous reactive power are compensated.

. N'_’e _’X_)g
. RaR (2.33)

¢ ‘_;e : ‘_;e ‘_;e : ‘_}'e

No matter the voltages or currents are expressed in abc or o0 coordinates, they
are describing the same voltage or current vectors in 3-dimensional base. One
should be noted that the voltage sources should be assumed to be balanced and
sinusoidal. Otherwise, the instantaneous compensated current in (2.33) should be
further modified as there are negative and/or zero sequence average power com-
ponents existed in instantaneous average active power. Without further
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modification, the compensated source currents are not sinusoidal and not balanced
for unbalanced and/or non-sinusoidal voltages, in which further discussions for
unbalanced and non-sinusoidal voltage cases are not included in this book.

The instantaneous compensating currents can be calculated by mixed coordinate
signals. As a result, the computation steps and time by a digital controller, such as
digital signal processor (DSP) can be reduced. The computation error can also be
lowered, in which the detailed algorithm description immediately follows.

The instantaneous compensating active current can be expressed as:

2 P'Ve
o = 2.34
Lep 7,7, (2.34)

where p is the oscillating part of the instantaneous active power which can be
calculated by

P = Valg + Vplp + Vele = pa+po + Pe (2.35)
The dot product of the instantaneous voltage is
A=7, -V, =24V +12 (2.36)

Finally, its instantaneous compensating active current can be expressed as:

?Cp = % (vaﬁx + vpiip + voﬁo) = = (Vailg + Vplip + v i, (2.37)

B

All the instantaneous reactive power components are required for calculating the
instantaneous reactive compensating current,

2 q X Ve
leg =

— (2.38)
Ve - Ve

The instantaneous reactive compensating power vector components can be
projected on {7, i), 7.} base. The instantaneous reactive power can be calculated

by (2.39). The cross product of reactive power ¢ and voltage vector v, can be
derived from (2.40).

‘_i = (Vbic - Vcib)ﬁa + (Vcia - Vuic)ﬁb + (Vaib - Vbia)ﬁc = Aii, + Biiy + Cii, (239)

Qy
X
=l
I
S
o
a

= (Bve — Cvp)ity + (Cvy — Ave)iiy + (Avy, — Bv,)id,

(2.40)
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where
A = (Vpie — Velp), B = (Vely — vai.) and C = (vuip — Vply)

Finally, substitute (2.40) into (2.38), its instantaneous compensating reactive
current can be described by (2.41).
- 1 2. 2. . . —
leg = K [(Vcla + Vipla — VaVele — Vqulb)na
+ (vgih + vzib — VpVaiy — vbvcic)ﬁ;, (2.41)
+ (viiC + viiC — VeVplp — vcvaia)ﬁc}
By just taking out the first term of (2.41) and substituting (2.35) into it, after

simplification, the instantaneous compensating reactive current in phase a can be
obtained as given in (2.42).

1 . .
qua = (v i, + Vbla VaVele — vavbzb)

1
K (za vb + v — VaPb — vapc)
1
K (la - V — VaPb — Vapc) (2'42)
I .

=3 (iaA = VaPa = VaPp — Vape)

—i, -2
a A a

By considering phase b and phase c¢ as well, the instantaneous compensating
reactive current in 3-dimensional case can be given in (2.43).

2 . )4 - . p - . 14 =
leg = (la — Kva> iy + (1b — va)nb + (lc — ch) 7, (2.43)
The final instantaneous compensating current is composed of instantaneous

compensating active and reactive currents as shown in (2.44). After simplification,
the final instantaneous compensating current for abc coordinates is shown in (2.45).

[ (2.44)

ﬁ:(@—%w)m+(@—§%>@+<Q—%w)m (2.45)

Moreover, the voltage and current vectors can also be expressed in af0 coor-
dinates; its compensating current can be described by (2.46).
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i = (ia - —va> iy + (i,; ~ %wa) iip+ (io ~ %\@)iio (2.46)

where A =v2+v2 +12, p = v, + Vpip +vei. and p is the average value of
p. Figure 2.14 shows the mixed coordinate instantaneous compensation algorithm.

Simulation verifications are performed by Matlab/Simulink. Figure 2.15 shows
the three-phase source voltages while Fig. 2.16 shows the three-phase currents, the
currents are obviously unbalanced and with harmonics. Figure 2.17 shows the
source currents after transformation in a,  and O coordinates.

Figure 2.18 shows the compensated source currents with the compensation
consideration of instantaneous reactive current only. It clearly shows that the source
currents are not perfectly sinusoidal and balanced after compensation.

>
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Fig. 2.14 Mixed coordinate instantaneous compensation signal flow diagram
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Fig. 2.15 Three-phase source voltage

Fig. 2.16 Three-phase
currents

Fig. 2.17 Three-phase
source currents in a0
coordinates
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0.09

Fig. 2.18 Compensated source currents with compensation consideration of instantaneous
reactive current only
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Fig. 2.19 Compensated source currents by mixed coordinate instantaneous compensation
algorithm

Figure 2.19 shows the simulated result by Mixed Coordinate Instantaneous
Compensation Algorithm. It clearly shows that three-phase source currents are
sinusoidal and balanced after compensation. Figure 2.20 shows the a, £ and 0
coordinate source currents after compensation by Mixed Coordinate Instantaneous
Compensation Algorithm.

From the above simulation results, there is a transient part between t = 0 s and
t = 0.03 s. Under the transient period, there is a large influence due to the transient
response of the low-pass filter to obtain the instantaneous average power. The
response of the low-pass filter affects this transient response. The faster the response
of the low-pass filter, the shorter the transient period will be. However, the low-pass
filter design is out of the scope of this section. The above mixed coordinate
instantaneous power can simplify the calculation steps comparing to the original
instantaneous reactive power theories.
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Fig. 2.20 o, f and 0 15
coordinate source currents
after compensation
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2.3 Three-Phase Converters and Their Discussions

In this section, three basic three-phase converter topologies are analyzed, compared
and discussed in two-level and multi-level topologies such as three-leg, three-leg
center-split and four-leg inverters in three-phase three-wire and three-phase
four-wire systems. Since Year 2000, the 3-Dimensional Pulse Width Modulation
(3D PWM) technique has become one of the popular research topics in three-phase
four-wire applications, such as distributed power generators and active power filters
[22-25]. The challenges to investigate the three-phase four-wire converters are:

(1) To choose a suitable circuit topology,

(2) To have a decoupling transformation mathematical model for analysis,
(3) To develop a control strategy with high performance, and

(4) To apply the system in high power applications.

The three-phase voltage source inverters (VSI) normally have two ways of
providing a neutral connection for the three-phase four-wire systems: Three-Leg
Center-Split and Four-Leg inverters [22]. However, according to the past studies
[23, 25-27], most of the three-phase four-wire converter investigations mainly
focus on the four-leg topology due to two reasons. First, the maximum achievable
peak value of line-to-neutral voltage of a three-leg center-split inverter is lower than
a four-leg inverter, which means that the utilization of dc linked voltage, V4, of a
three-leg center-split inverter is lower. Second, large dc linked capacitors are
needed in a three-leg center-split inverter to maintain a small ripple dc voltage.
Based on the above points, the development of the control of the three-leg
center-split topology is slower than that of the four-leg.

On the other hand, the control strategies of three-phase four-wire inverters are
studied from abc Hysteresis controls to ap0 space vector modulations [23-30] by
abc-af0 transformations. Recently, there was 4 X 4 Quad-Transformation matrix
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Fig. 2.21 Four-leg inverter
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[27] which describes the direct transformation between the 4 Degree-of-Freedom
Leg-Output Voltage Space of the Four-Leg Inverter and its 3 Degree-of-Freedom
output voltage space. The Quad-Transform [27, 30] was proposed to analyze the
four-leg systems in off0 coordinates. The leg-voltages of a four-leg inverter could
be modeled as a projection into the 3 dimensional output-voltage space along 4
vectors through a Quad-transform. These vectors were denoted as the primary
voltage-vectors of the inverter and were depicted in Fig. 2.21. The a, b, ¢, and n
vectors in Fig. 2.21 formed the corners of a symmetrical tetrahedron [27, 30].

A unique 4 X 4 decoupling transformation matrix was presented for the four-leg
circuit topology, which was orthonormal, and hence invertible. The row and col-
umn vectors formed a basis for the 4 Degree-Of-Freedom leg-voltage space.
However, the concept of “Primary Voltage Vectors” that was defined as “An N-leg
inverter has an N-dimensional leg-voltage space, but only controls an (N — 1)
dimensional output voltage space. The leg voltages of an N-Leg inverter project
into the output-voltage space along the N vectors of equal magnitude equally
arranged in an (N — 1) Degree-Of-Freedom space [27, 30]”. In this chapter, a 3
dimensional basis is used as follows. Furthermore, when four-leg and three-leg
center-split multilevel converters are taken into account in three-phase four-wire
high power applications, the advantages of the three-leg center-split multilevel
topology will be explained in the following sections.

2.3.1 Realization of 3 Dimensional Coordinates
Jor Three-Phase Systems

One should note that the voltage space vector development hereafter is based on the
assumption that instantaneous power is constant after and before transformation
from one into other coordinates in this book. In a three-phase three-wire or
three-phase four-wire system, an instantaneous voltage vector, ¥, can be represented
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by a linear combination of the vectors, #,, 7, and #. which can form a basis,
B = {iiy, iip, 7. }, for a vector to span with. The vectors, #,, 7, and 7, are linear
independent to each other in a physical sense. Basically, the dimension of this
instantaneous voltage vector is 3.

V = K i, + Kphy, + K i, (2.47)

where K,, K;, and K, are scalars.

Let M = {i, .. .i,,} and M' = {W;,W,...Ww,,} be the two bases for a
finite-dimensional vector space Q. Since M is a basis and M’ is a linearly inde-
pendent set, which implies that m =n. As a result, any two bases for a
finite-dimensional vector space have the same number of vectors. An instantaneous
voltage vector can be represented by B = {7, iy, 7.} and B’ = {r'i“, iig, ﬁo}, and it
can span in a 3 dimension space. The 3-phase instantaneous voltages can be
transferred from abc into af0 coordinates by the coordinate transformation matrix
[19]1, P,po, (2.48) under a linear power transformation consideration.

Va 5 1 —1/2 —1/2 Va Va
v | = \/; 0 \/§/2 —\/§/2 Vo | = Pupo | Vb (2.48)
Vo 1/v2 1/\/§ 1/\/E Ve Ve

cos0°  cos(120°) cos(240°)
where P,g0 = /3| sin0°  sin(120°) sin(240°)
sin(45°)  sin(45°)  sin(45°)
Under the linear power transformation consideration [19], there are two condi-
tions that need to be fulfilled, (2.49) and (2.50).

I = [Pypo]” [Papo] (2.49)
| Pago| =1 (2.50)
From (2.49), it implies that [Paﬂo}fl = [Palgo]T, which has the property that the
matrix P,p is said to be an orthogonal matrix and I is an identity matrix. As a result,
vector coordinates can be described as shown in Fig. 2.22. Another important
characteristic is noticed as follows. The determinant of P, is equal to 1 so that the
volumes bounded after and before the transformation are the same [31].

|Pupo] = 1 (2.51)

It means that an instantaneous voltage vector can be expressed as (2.52).

V=K., + K[gﬁ[; + Koh (2.52)

where K, K; and K are scalars.
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Fig. 2.22 Transformation ~ n
. . O
basis allocation n, A

The zero sequence is the projection of vectors in a, b and ¢ coordinates with 45°
on it. When the vector coordinates are considered from top view of Fig. 2.22, the
abc coordinates are apart from each other with 120°, but it should be noticed that
they are orthogonal to each other as shown in Fig. 2.22. All the transformations
taken by abc and a0 coordinates are in 3 dimensions, not 3 to 2 dimensions in the
three-phase systems. It can also be explained why phase angles of abc coordinates
are 120° apart with orthogonal basis to each other. The above concept can be
applied in multi-phase systems such as the four-phase systems described by a 4D
transformation for analysis. However, it is not within the discussion of this book.

2.3.2 Basic Three-Phase Converters, 3D Coordinates
and Their Comparisons

The literatures on controlling three-phase three-wire converters are rich; recently
more and more attention is paid to the three-phase four-wire converters [23-27, 30].
In this section, in contrast to the earlier approaches, the comparisons among the
basic three-phase converters of their voltage vectors in 3-dimensional coordinates
are performed, rather than using the switching tables only. These basic converters
are of three-leg, three-leg center-split and four-leg. All the corresponded converters
are illustrated in 2-level equivalent circuits, as shown in Figs. 2.23, 2.24 and 2.25.
In this section, vg = V41 = V4o is assumed for comparisons and none of the
switching losses are being considered.

2.3.2.1 Two-Level Three-Leg Converters

From Sect. 2.3.1, it is found that all the voltage vectors of three-phase converters
can be analyzed by a 3-D transformation basis. According to Fig. 2.23, the
switching functions can be given as §; = {+1,—1}, where j = {a,b,c}. For
example, when S, = +1, S, is turned on and S, is turned off, and vice versa.
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The converter output voltages in a-b-c coordinates can be expressed in (2.53). It
is required to transform the voltages from a-b-c into o-f-0 coordinates for com-
parisons through (2.54).

Va0 1 2 -1 =118,
Vo = g(ZVdC) -1 2 -1 Sb (253)
Veo -1 -1 2 |]|S.

where S; = {+1,—1} and j = {a, b, c}
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[SIE

1 1
Va0 2 Va0
2
vgo | = \/g (1) V?? - l@ Vo (2.54)
Yoo V2 V2 V2 Ve

Furthermore, (2.53) can be inserted into (2.54), which gets (2.55).

I =3 —5lr2 -1 -1

Va0 2 2 Y
2 (2v4e

Vg0 :\/;( Vae) o ¥ _v3|l|l-1 2 -1 S,

6 1o 1 2|1 -1 2|ls
Voo NG V2 ¢
5[0 —1/2 —1)2 S,
:vdc\/; 0 Vv3/2 —V3/2||S, (2.55)
0 0 0 S,

As a result, an instantaneous converter output voltage vector of a three-leg
converter can be expressed as (2.56) so that the scalars, K,, Kz and Ky, are

V2/3v4Sq 1/ \/ivch;; and 0 correspondingly. It should be noticed that vg. is the
half value of vpy as shown in Fig. 2.23. There is no zero-component coincidentally,
which changes 3-D a-b-c coordinates on 2-D a-f plane.

. 20 1.
Vihree—leg = Vdc [\/;Sa My 7§Sﬁ : I’l/g‘| (256)

where S, = S, — 1S, —1S. and Sg = S, — S..

2.3.2.2 Two-Level Three-Leg Center-Split Converters

Comparing Fig. 2.24 with Fig. 2.23, node “O” is connected with node “n”.
According to the defined switching functions, the voltages are defined as (2.57) in
a-b-c coordinates. It forms a two-level three-leg center-split converter shown in
Fig. 2.24.

Va0 1 0 0 Sa
Vb0 = V4c 01 0 Sb (257)
Veo 0 0 1|]S.

where S; = {+1,—1} and j = {a, b, c}

Furthermore, the converter output voltages in a-f-0 coordinates are expressed in
(2.58). An instantaneous converter output voltage vector of a three-leg center-split
converter can be represented by (2.59).
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Va0 AR —f% 3L o o]7s.
VBo :Vdc\/; (1) ?3 —173 01 0 Sp

s[ 1 —127 —1/277s,
=vdc\/§ 0 V32 —v3/2|]|s, (2.58)

In this case, scalars, K,, Kz and Ky, are \/2/3V4eSys l/ﬁvch[; and 1/\/§vcho
correspondingly.

. 2. 1. . 1. .
Veenter—split = Vdc [\/;Sa “hy + %Sﬁ shng + 7§S0 L) (259)

where S, = S, — 1S, —1S., Sp =S, — Sc and So = Sq +Sp + S

2.3.2.3 Two-Level Four-Leg Converters

There is a growing interest in the four-leg converters for three-phase four-wire
applications. Figure 2.25 shows the equivalent circuits of a four-leg converter. The
mid-point “f” of an addition leg is connected with node “O”. When switching
functions are only considered with +1 and —1, there are 2 operation modes for the
four-leg converter, as shown in Figs. 2.26 and 2.27.

Fig. 2.26 Mode 1 when P l
switching function of Sy is +1 v + f Sy =on
dCl - Sul Kshl KS('] K sz - Qﬁ
al —~
n b z 0
¢ —)
+ ——
Vier Saz NSy \S.
- T 1]
N
Fig. 2.27 Mode 2 when P S, =off
switching function of Syis —1 . + Sjl ’
det_ SKSKSK o
a ——~
n b z 0
¢ —’
+ ——
S
Vier ¢ 2 NS \Se
T |
N
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Fig. 2.28 One-leg converter P S, =off
in Mode 2 +

Vo S, =on

c
- Sa z
a 0
n
+
SaZ

Vdc 2 f
N

When S;is +1, the node “O” is connected with node “P”. In another mode, node
“O” is connected with node “N” if Syis —1.

For simplification only one leg of them is considered in mode 2 as shown in
Fig. 2.28. It has v,0 = Vge1 + Vaez = 2vge. When S, = 1, vyo = 2v4.. In another

way, when S, = —1, v,0 = 0. As a result, the instantaneous voltage can be deduced
as (2.60).
2de
v = (S = ) =2 (2.60)

As a result, the instantaneous converter output voltages can be defined in a-b-
¢ coordinates as shown in (2.61). The four-leg inverter can produce three inde-
pendent output voltages, regardless of load. Furthermore, the instantaneous
converter output voltages in a-f-0 coordinates from a-b-c coordinates are expressed
in (2.62). An instantaneous converter output voltage vector of a four-leg converter

can be represented by (2.63). Scalars, K, Kg and Ko, are \/2/3v4S,, 1 / \/EdeSﬁ
and 1 / V348 correspondingly.

Vao 1 0 0 -1 g
vo | =vee|O 1 0 —1 S” (2.61)
V0 0 0 1 —1 S;

wl 5 [V -F -E][r 00 Ty

veo | = \/:vdc 0 ¥ —¥llo 1 0 -1 Sb

v 3l L 0o o 1 -1

00 RV IRV S

5 [ 1 -1/2  —1)2 0 1|5
= \/:vdc 0 V3/2 V32 o0 oy (2.62)
S VAV IR YNV VAV YAV X




2.3 Three-Phase Converters and Their Discussions 47

Fig. 2.29 Defined
parameters in coordinates

. 2 . 1 . 1 o
Viour—leg = Vdc l\/;sx <y + ﬁSﬁ sng+ 7?_’5() : n()] (2.63)

where S, = S, — %Sb — %SC, Sp =S8y —Sc and So = S, + Sy + S, — 35;.

2.3.2.4 Three-Phase Converters, Voltage Space Vectors and Their
Comparisons

In 3-D aspect, a vector or a switching state can be represented by Rectangular,

Cylindrical or Spherical Coordinates. According to parameters defined in Fig. 2.29,

the instantaneous converter output voltage vector can be further considered as

follows.

V= vae - (Zudiy + Zyitg + Zoiiy) (2.64)

where Z, = \/35,, 2 = 158y and Z = S0,
The parameters defined in Fig. 2.29 can be expressed as:

p=\/Z:+Z;+Z; (2.65)

r=\/22+2} (2.66)

0 =tan"! Zﬁ) (2.67)
Z,

wcl)e) e
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Table 2.2 Two-level three-leg converter voltage vector parameters

Se Sy S S Sy S |r 0 Zy |p ¢
v, 1 |-t |[-1 |2 |0 0o 1633 |0 0 1633 |90°
Vs 1 |1 |[-1 |1 |2 [0 1633 |60° |0 |1633 |90°
v, -1 |1 |-1 |-1 |2 |0 1633 [120° |0 [1633 |90°
v, -l 1 1 |2 | o o [1633 [180° |0 1633 |90°
Vs |-1 |-t |1 |-1 |2 |0 1633 |240° |0 |1.633 |90°
Ve 1 o[-1 |1 -2 |0 1633 [300° |0 [1.633 |90°
vy |1 1 1 o (o o * 0 |0 90°
Vo -1 |-1 |- o (o o * 0 |0 90°

However, v, = 1 is assumed for simplifying the comparison among three-phase
converters as follows.

A. A Two-Level Three-Leg Converter and Its Voltage Space Vector

In a two-level three-leg converter, there are 2° = 8 available voltage vectors but
with only 7 achievable switching states. Coincidentally, there is no zero sequence
component of voltage space vectors in a-f-0 coordinates. The available vectors are
projected from 3D a-b-¢ coordinates on a 2D a-f plane. Table 2.2 summarizes
parameters of the 2-level voltage vectors for a two-level three-leg converter. The
mark, *, means “undefined” in following Tables. Figure 2.30 shows the allocation
of available output voltage vectors of a two-level three-leg converter.

In conventional 2-D Pulse Width Modulation techniques, voltage space vector
allocation can be illustrated on a a-f plane, which is shown in Fig. 2.30. There are
totally 8 available voltage vectors with 6 directional vectors and 2 zero vectors.
These 2 zero vectors are utilized in optimizing the switching sequence in order to
reduce the switching loss.

Fig. 2.30 Allocation of e
: n

available output voltage ‘7 Vi

vectors of a two-level 3(-1 1 -1 L ‘7

three-leg converter 21D

V4(—1 1 op(1 1 1) a - -y

= > > n,
‘/On(*l -1 -

=

51 -1 1 Ve(l -1
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Table 2.3 Two-level three-leg center-split converter voltage vector parameters
Y Sp Se S Sp So r 0 Zy p ¢
v, 1 |-1 |-1 2 0 |-1 |1.633 |0° —0.577 |,/3 |109.46°
V) 1 1 -1 1 1 |1.633 |[60° 0.577 V3 | 70.54°
Vs -1 1 -1 |-1 -1 [1.633 |120° |-0.577 |./3 |109.46°
Vi -1 1 1 |2 0 1 1.633 [ 180° |0.577 V3 | 70.54°
Vs -1 |-1 1 |-1 |2 |-1 |1633 |240° |-0.577 |./3 |109.46°
Vs 1 |-1 1 -2 1 |1.633 |[300° |0.577 V3 | 70.54°
Vop 1 1 1 3 10 * V3 V3 o |0°
Vo |—1 |-1 |-1 -3 |0 * -3 V3 | 180°

B. A Two-Level Three-Leg Center-Split Converter and Its Voltage Space Vector

In a two-level three-leg center-split converter, there are 2° = 8 available voltage
vectors with 8 achievable switching states. The available vectors are projected from
3D a-b-c coordinates into 3D a-f-0 coordinates. Table 2.3 summarizes the voltage
vector parameters for a two-level three-leg center-split converter. Figure 2.31
shows the allocation of available output voltage vectors of a two-level three-leg

center-split converter.

Comparing Figs. 2.30 and 2.31, it shows that the number of available voltage
vectors is equal to the number of available states in a two-level three-leg center-split
converter, which is not the case in a two-level three-leg converter. Those two zero

Fig. 2.31 Allocation of
available output voltage

vectors of a two-level
three-leg center-split

converter
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vectors can be employed for a neutral line current compensation as well as optimizing
the switching sequence to reduce switching loss. All the vectors of the three-leg
center-split converter have zero components. It is noticed that the amplitude, r, of
{‘71, ‘72, \73, \74, \75, \76} vectors of the three-leg center-split converter is the same as
that of the original three-leg converter, which is the projection of
{1717 Vs, Vs, Vi, Vs, \76} vectors on the o-f plane.

C. A Two-Level Four-Leg Converter and Its Voltage Space Vector

In a two-level four-leg converter, there are 2* = 16 available vectors with 15
achievable switching states. The available voltage vectors are projected from 3D a-
b-c coordinates into 3D a-f-0 coordinates. Table 2.4 summarizes the voltage vector
parameters for a two-level four-leg converter. Figure 2.32 shows the output voltage
allocation of available vectors of a two-level four-leg converter. The amplitude, r, of
{‘711,, Vgp, ‘731,, ‘74p, ‘75p, Vﬁp, ‘71”, ‘72,,, ‘737” ‘74,1, ‘75”, Vﬁn} vectors of the four-leg
converter is the same as that of the original three-leg and the three-leg
center-split converters, which are the projections of those vectors on the a-f plane.

D. Comparisons and Discussions

Table 2.5 summarizes the above analysis results. In previous studies, under the
center-split capacitor approach, the three-phase converter essentially becomes three
single-phase half-bridge converters. Thus, it suffers a lower utilization of dc link

Table 2.4 Two-level four-leg converter voltage vector parameters

S 1Sa |Sp |[Se Sy |Sp [So |7 0 Zy 14 ¢
\71p -1 1 [-1 [-1 2 2 [1.633 |0° 1.155 |2 54.73°
‘72/7 -1 1 1 [-1 1 4 |1.633 |60° 2.309 |2.828 35.27°
‘731; -1 |[-1 1 [-1 [-1 2 | 1.633 |120° 1.155 |2 54.73°
\741, -1 |[-1 1 1 |[-2 4 |1.633 |180° 2.309 |2.828 35.27°
\75p -1 |[-1 [-1 1 |-1 |2 2 [1.633 |240° 1.155 |2 54.73°
‘76p -1 1 |-1 1 1 |2 4 11.633 |300° 2.309 |2.828 35.27°
\701’ -1 1 1 1 0 0 6 |0 * 3.464 |3.464 0°
Voor | =1 |1 =1 [-1 [ 00|00 * 0 0 90°
\71,’ 1 1 [-1 [-1 2 0 |—4 [1.633 |0° —2.309 |2.828 144.73°
‘7271 1 1 1| -1 1 2 |—2 |1.633 |60° —1.155 |2 125.27°
‘_/"3’1 1 /-1 1 [-1 [-1 2 |—4 |1.633 |120° |—2.309 |2.828 144.73°
\74n 1 /-1 1 1 |2 0 |—2 [1.633 |180° |—1.155 |2 125.27°
VSn 1 |—-1 [-1 1 |—1 |-2 |—4 |1.633 |240° |—2.309 |2.828 144.73°
‘7611 1 1 |-1 1 1 |—2 |—2 |1.633 |300° |—1.155 |2 125.27°
VOn 1 |-1 |-1 |-1 0 0 |-6 (0 * —3.464 | —3.464 |180°
Vop | L L[ 100 00 [ 0o 0 90°
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Fig. 2.32 Allocation of
available output voltage

vectors of a two-level four-leg

converter

Table 2.5 Comparisons among three basic three-phase converters

51

Maximum phase
voltage

Voltage capacity on a-
p plane

Voltage capacity on
Zero axis

Three-leg converters %Vdc Same 0
Three-leg center-split Ve Same Middle
converters

Four-leg converters AR Same Highest

voltage as compared to the four-leg. Based on the maximum phase voltage that could
be performed by the three-phase converters, reaching the above conclusion was
straightforward. However, according to Tables 2.2, 2.3 and 2.4, all of the three-phase
converters have the same amplitude, r, of the projected non-zero vectors on the a-f
plane. It means that when the converters have the same dc linked voltage, they have

the same a-f voltage capacity for converter’s operation, and the four-leg converter

has higher zero-current injection ability as it has a higher Zj than that of the three-leg
center-split. As a result, a three-leg center split and four-leg inverters have the same

voltage capacity on the a-f plane when they have the same dc linked voltage.
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Table 2.6 Simulation results

Vde = Vdel = Vde2 = 100 V Phase voltage (V) Ve (V) Zo * Vde (V)
VpN = 200 V

Three-leg converters 133.3 163.3 1.641 x 10714
[Sa S Sc] = [1]

Three-leg center-split converters 99.99 163.3 =57.73

[Sa Sp Scl = [1]

Four-leg converters 200 163.3 115.4

[Sa Sp S Sl =[1]

A simulation test of the three-phase three-leg, the three-leg center-split and the
four-leg inverters is performed when vg. = Vg1 = Vg = 100V and vpy =
Vacl + Va2 = 200V with balanced loads are connected. The switching functions are
given by Table 2.6. It is noticed that the total dc linked voltage is 200 V. Table 2.6
summarizes the simulation results, where r and Z, are defined in Tables 2.2, 2.3 and
2.4 respectively. All the simulated values followed the above theoretical results. It
shows the validity of the above theoretical conclusions. First, phase voltage is the
highest in the four-leg inverter and the three-leg center-split converter has the
smallest phase voltage. Second, all the inverters have the same voltage capacity on
the a-f plane when they have the same dc linked voltage. Third, the four-leg
inverter has the highest zero injection capacity. Fourth, only one transformation can
be employed to analyze all three-phase converters.

In left columns of Tables 2.2, 2.3 and 2.4, the switching functions in a-b-c and
a-f-0 coordinates are identical to those in the other researches [23-30].
Experimental results were performed in [25, 32] to show the validity of switching
function tables. However, without using a 3D voltage model, such as (2.56), (2.59)
and (2.63), to describe the output vectors of three-phase converters, it was hard to
compare the relationship among the converters. Based on the mathematical and
theoretical deduction with only one 3D transformation basis, the converters can be
comparable directly.

2.3.3 DC Voltage Unbalance, Variation, Switching
Functions and 3D Coordinates

In the three-phase converters, the unbalance in dc-link neutral point voltages, for
example, in a three-phase three-leg center-split converter, may affect PWM per-
formance and it may cause a significant distortion in generating a current waveform.
In this section, vg # V4 is assumed in order to consider the influence of the
unbalance dc upper and lower-leg voltage variations on 3D voltage space vectors of
the three-phase converters. Switching functions are considered due to the unbalance
between dc upper and lower capacitor voltages. V,. is defined as (2.69). The
upper-leg and lower-leg switching functions in a, b or ¢ phases can be defined as
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(2.70) accordingly, where S;V is defined as this new proposed switching function
due to dc voltage unbalance and j = a, b or c.

Vacl + Va2

Vie = 5 (2.69)
Vel
Y upper leg
§j = { —Iv‘;f—“l, lower leg (2.70)
de

Conventionally, the switching function can be 1 or —1, but this proposed
switching function can either be smaller or larger than 1 due to the dc voltage
deviation. When vy = vaer = Ve, SJN = S;. However, when vge1 # Vaer 7# Ve,
SN # £1. Furthermore, SN can be expressed as (2.71). The proposed switching
functlon is found to be affected by the dc voltage unbalance.

Vael — g (Vaet +vac2) + (Vaer —va2) __
SNV — { Vac = Vel Fvaa ( Vael TV{IE.Z )— 1+ AS, upperleg (2 71)
J _ Vo . _=2vgo __ —(Vdct +Vac2) + Vel =Vac2) __ ’
Ve Vdel + Vae2 Vdel + Vac2 1+ AS’ lower leg

where AS = *gzri,
de

The relationship between the new switching function and the original one can be
expressed as:

SY =S+ AS (2.72)

Therefore, the output voltage vector of a three-leg inverter can be recalculated by
SN, S and SV due to the dc voltage unbalance. And, V. can either be larger or
smaller due to the dc voltage variation.

2.3.3.1 A Three-Leg Converter

The new instantaneous voltage vector ¥ can be expressed as (2.73) due to the dc
upper-leg and lower-leg voltage unbalance.

2y - 1 .
\/S;V nx+ﬁS]l¥~nﬁ] (2.73)

HN
Vihree— leg — Vdc

N _ N _1gN _1oN
where S =8; — 38 — 55,

Sy =58y =S¥
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Substituting (2.72) into (2.73), no influence is found on the space vector voltage
of a three-leg converter, that iS Viee—ieg = VlNhree_leg. However, the instantaneous
voltage bounded area can either be larger or smaller due to the dc voltage

variation, V.

2.3.3.2 A Three-Leg Center-Split Converter

The instantaneous voltage vector #¥ of a three-leg center-split converter in 3D can
be expressed as (2.74).

N _
vcenter—split - VdC

2 . I v - I ~ -
=S, Ty + %Sﬁ “ng+ 7?.’50 N (2.74)

where Y = SV — 15V — 1§V
Sy =8y — S
Sy = SN +58, +SY

Substituting (2.72) into (2.74), only the zero switching function is found to be
affected by the dc voltage unbalance.

Sl;] =8y (275)
Sy = Sp (2.76)
Sy = So+3AS (2.77)

The instantaneous voltage vector V'

center—splic AN be expressed as (2.68).

—N = N
Vcemerfspli; = Vcemter—split + Vo (278)

where ¥ = v/3V,AS - iiy.

According to (2.78), the voltage vectors may vary upward or downward along 7
axis due to the unbalance of dc voltage variation as shown in Fig. 2.33. However,
the instantaneous voltage bounded volume can either be larger or smaller due to the
dc voltage variation, V.
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Fig. 2.33 2-Level 3D vector n
allocation due to dc voltage t 0
unbalance V

0

2.3.3.3 A Four-Leg Converter

The instantaneous voltage vector #" of a four-leg converter in 3D can be expressed
as (2.79).

- 2 . 1 . 1 B
V}ZW*I%' = VdC \/;Sg cHy + ﬁsjl}[ . n'[)’ + ES{)V i (279)
where SV =S¥ — 1N 1gV

Sy =S+ +58Y =38

Substituting (2.72) into (2.79), it is found that there is no influence on the space
vector voltages of a four-leg converter due to dc voltage unbalance, which is
Viour—leg = Y)}’}’W_leg. However, the instantaneous voltage bounded volume can either
be larger or smaller due to the dc voltage variation, V.
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From the above calculations, only the space voltage vectors of the three-leg
center-split converter are affected due to the dc voltage unbalance. Reversely, the dc
unbalance voltages can be controlled by shifting upward and downward of the
reference voltage vector accordingly. Details and experimental results for a
three-leg center-split converter can be found in [32]. However, the instantaneous
voltage bounded volume can either be larger or smaller due to the dc voltage
variation, V.

2.4 Summary

Three fundamental three-phase converter circuit topologies are investigated and
compared under only one coordinate transformation and a 3D model proposed in
this chapter. Several conclusions are drawn:

(1) Phase voltage is the highest in a four-leg inverter and a three-leg center-split
converter has the smallest phase voltage.

(2) All the inverters have the same voltage capacity on a-B plane when they have
the same dc-linked voltage.

(3) A four-leg inverter has the highest zero injection capacity.

(4) Switching functions can be defined either smaller or larger than 1 due to the dc
voltage unbalance.

(5) Space voltage vectors of a three-leg center-split converter are affected due to
the dc voltage unbalance by shifting upward and downward of the reference
voltage vector along zero-axis accordingly.

(6) Space voltage vectors bounded volume can either be larger or smaller due to
dc voltage variation.
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Chapter 3
Active Power Filters

Abstract In this chapter, the active power filters are discussed. In Sect. 3.1, the
development of active power filters are reviewed; active power filters with different
circuit configurations are given and compared. The three-phase four-wire active
power filter using a two level four-leg voltage source inverter (VSI) is discussed in
Sect. 3.2. Three-phase four-wire active power filters using two-level and three-level
three-leg center-split VSI are discussed in Sect. 3.3. The modeling, voltage control
signal calculation, space vector analyses and pulse width modulation (PWM) methods
for each configuration are introduced and addressed in these two Sections.
Furthermore, dc link voltage variation control of the center-split VSI is discussed in
Sect. 3.3. In Sect. 3.4, the operational principal of three-phase four-wire multi-level
VSIs as active power filter is briefly introduced. In Sect. 3.5, the generalized PWM for
multi-level three-leg center-split and four-leg VSIs are introduced. Finally, the design
and implementation of an active power filter is introduced in Sect. 3.6.

3.1 Development of Active Power Filters

The proliferation of a variety of nonlinear loads in utility power system can cause a
large amount of harmonics injected into power system. For a long time, L-C tuned
filters have been used for suppressing harmonics in ac power system [1]. These
filters, however, have inherent drawback, e.g. tuned frequencies are fixed and a
harmonic amplifying phenomenon may occur due to parallel resonance between the
line inductance and filter capacitance. To solve those problems, more attention has
been paid to active power filter (APF) and researches on them are prospering [2, 3].

The active power filter (APF) is one of the shunt connected power quality
compensators. The concept, “Active ac Power Filter’, was first developed by
Gyugyi in 1970s [4]. The APF can overcome the disadvantages inherent in passive
power filters (PPF). Since then, active power filters have been becoming the most
popular shunt power quality compensator, which can compensate harmonics and
reactive current simultaneously. In addition, multiple load operation with one active
filter is technically and economically feasible.

© Springer Science+Business Media Singapore 2016 59
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A large number of publications have explored active filters for three-phase
three-wire systems with different configurations. With three wires on the ac side and
two wires on the dc side, APF works as a current source. By using a static con-
verter, APF generates the compensation currents which are equal in magnitude but
out of phase by 180° to the harmonics included in load currents, and are injected
into the ac lines. Therefore, the converter is required to have high current control
capability and high operating efficiency.

Both voltage source and current source converters can be used in an APF [5].
A current source APF is shown in Fig. 3.1 and the size of required dc-link inductor
is large, which may cause electro-magnetic interference (EMI) to nearby electric
equipment. A voltage source APF is given in Fig. 3.2, which is superior in effi-
ciency because the loss in a dc capacitor is smaller than that in a dc reactor needed
with a current source APF. Moreover, among the existing applications of APFs,
ninety percent of them are voltage source APFs.

According to the connection modes, there are four types of APF: Shunt APF,
Series APF, Hybrid APF and Series-Shunt APF. However, the series APF con-
nected with the ac lines through three single-phase transformers is equivalent to a
controlled voltage source as shown in Fig. 3.3. This APF mainly eliminates the
harmonic voltages for the system.

Compared with the shunt APF, the losses, protection, and operation etc. of series
APF are more complicated. Now, the single series APF is seldom used. It is always
combined with L-C filter that is called hybrid APF as shown in Fig. 3.4. Because
the L-C filter can eliminate most of the dominant low order harmonics, the capacity

Fig. 3.1 Current source APF
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Fig. 3.3 Series APF

Fig. 3.4 Hybrid APF
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of APF can be very small so thus reducing its volume and cost. Furthermore,
because of diminishing both harmonic voltages and harmonic currents simultane-
ously, it is widely used in the industry applications. However, its main drawback is
that it can only operate for certain stable load. When the load is changing rapidly, its
effectiveness of compensation can be low.

The last type is series-shunt APF as shown in Fig. 3.5. Itis called an unified power
quality conditioner (UPQC) and drawn the attention of many researchers recently.
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It is composed of series APF and shunt APF together so that it contains functions of
both APFs. The series unit can handle the harmonic voltages, voltage fluctuation and
flick, and can improve the steadiness of power system, etc. The shunt unit can handle
harmonic, unbalance and reactive currents. The series-shunt APF can work in both
single-phase and three-phase systems. Until now, it is regarded as the ideal structure
of APF. However, the drawback of it is its complicated control and high initial cost.

Figure 3.6 shows a typical APF with a three-phase voltage source inverter (VSI),
which is applied in three-phase three-wire systems. It is in parallel connection with
ac lines and is equivalent to a controlled current source. It can generate the same
value of load reactive and harmonic currents but in opposite direction to com-
pensate those reactive and harmonic currents. The techniques of shunt APF have
been widely developed. Therefore, most of the APF applications are based on shunt
APF.

Due to the development of “Custom Power” concept, a three-phase four-wire
system will play a very important role in the distribution site. In the three-phase
four-wire system, there exists neutral current, harmonics, reactive power, and
unbalance problems, so the conventional APF designed for three-phase three-wire
system cannot compensate all the problems. In 1997, four-leg and three-leg
center-split voltage source inverters (VSIs) were proposed to compensate the
reactive, unbalance, harmonic and neutral currents for the three-phase four-wire
power systems [6]. The three-phase four-wire systems employ mainly four-leg and
three-leg center-split VSI for power quality compensation. As a result, only these 2
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Fig. 3.6 APF uses a three-phase voltage source inverter
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Fig. 3.7 A four-leg VSI
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topologies are discussed in this book. The former structure uses a fourth leg to
control the neutral current as shown in Fig. 3.7. The latter one is known as the
center-split structure, in which the original d.c. capacitor is split into 2 to provide
the neutral current compensation as given in Fig. 3.8.

Comparisons were carried out between three-leg centre-split VSIs and four-leg
VSIs [7-9]. The two-level four-leg inverter is preferable in low voltage applica-
tions. However, multi-level three-leg centre-split VSIs are more preferable. It is
because only a neutral wire is connected into multi-level neutral point clamped
inverter which can turn the inverter into three-phase four-wire applications without
adding extra-switching components. In the following sections, the modeling and
control of the three-phase four-wire APFs are provided. A general block diagram of
the control system of the APF is shown in the Fig. 3.9. Since the compensating
current detection has been discussed in the Chap. 2, the PWM for three-phase
four-wire converters are mainly focused in the following sections.

\S/ylstem Current
oltage Compensating |Reference PWM for Trigger Signals
currem Converter of F_’ower
detection © Switches
Load
Current

Fig. 3.9 Block diagram of the APF control system
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3.2 A Two-Level Four-Leg VSI as a Three-Phase
Four-Wire Active Power Filter

A two-level four-leg VSI based APF shown in Fig. 3.10 is an extension of a
conventional two-level three-leg VSI based APF, which is added with an extra-leg
to the three-leg one in order to provide a neutral current compensation capability.
Due to its additional leg, the initial cost of this inverter is higher than that of the
three-leg center-split one. However, four-leg VSI is not required to control the
dc-voltage unbalance between the upper and lower capacitor voltages of the
centre-split structure. The control algorithm of the three-leg centre-split is more
complicated than four-leg one. Based on the results from Sect. 2.3.2, although the
phase inverter voltage of the four-leg one is higher comparing to that of the
three-leg inverters, its effective voltage vector on af plane is the same as the
three-leg inverters, which has been explained in Chap. 2. In low power applica-
tions, a four-leg inverter is preferable. However in medium or higher power
applications, four-leg inverter is not a good choice in multi-level structure devel-
opment and its related detailed explanation is given in the following sections. As a
result, only two-level four-leg inverter is discussed and multi-level four-leg inverter
is not included in this book.

3.2.1 Modeling of Two-Level Four-Leg Active Power Filters

A three-phase four-wire active power filter is shown in Fig. 3.10, in which a
two-level four-leg VSI is used. To inject the required compensating current, the
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Fig. 3.10 A three-phase four-wire APF uses two-level four-leg VSI
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inverter needs to detect the reactive, harmonic and neutral currents of the loading
first. The compensating current detection algorithms have been discussed in the
Chap. 2. The four-leg VSI is controlled by a pulse width modulation (PWM) to
inject the compensating currents into the point of common coupling (PCC). As a
result, the reactive current, harmonic and neutral currents can be compensated by
the APF. The modeling of the APF with a two-level four-leg VSI is presented in
this section.

According to Fig. 3.10, the internal resistance of coupling inductor L. and L,
are assumed to be very small (R, R, ~ 0), which can be neglected, the relation
among the compensating currents i..(X = a, b, ¢, n), the terminal voltages of VSI
vimx(X = a, b, ¢, g), the terminal voltages at PCC and coupling inductors L. and L,
can be expressed as:

di,.
Vinva = Va — Lc d(t“

diy
Vip = Vb — L d,b

i 3.1
Vinve = Ve — LC dflg ( )

o di,
Vinvg = Vn + Lcn #

The switching function of each leg of the VSI is defined in (3.2). As a result, the
output voltage of the VSI is given in (3.3).

sz{ll x=a,b,c, g (3.2)

In Sect. 2.3, referring to Fig. 2.25 and (2.60), one should be noted that 2v4. in
(2.60) is the total dc linked voltage between P and N in Fig. 2.25 as vg4. = V41 =
Va2 Was defined in Sect. 2.3. However, in this section, based on Fig. 3.10, v is
defined as the total dc linked voltage. As a result, (3.3) can be obtained. Chapter 2
was focused on the effective voltage comparison so that vge = Vg = Vgeo Was
defined and total dc linked voltage was 2vq4. for simpler comparison. However,
Chap. 3 is focused on control so that the total dc linked voltage is v4.. Comparing
instantaneous voltage vectors in Chaps. 2 and 3, such as (2.56), (2.59), (2.63),
(3.11), (3.13) and (3.49), one can find that 2vq, is the total dc linked voltage defined
in Chap. 2 and vy, is defined total dc linked voltage in Chap. 3 respectively.

Vinva = Sanc/z
Vinvb = Sbvdc/2
Vinve = S(‘Vdc/ 2
Vinvg = SgVak‘/2

(3.3)
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The relation of current and voltage of the DC capacitors are described as:

dvdc
e = Cac 34
iae = Cae— (34)
Following results can be deduced according to (3.4).
dvge
C :,(; = Saic'a + Sbicb + S(,'icc' - Sgic'n (35>
According to (3.1) to (3.5), (3.6) is deduced.
Lcd[ll_[la =Vaq — Savdc/2
L¢ d;}»;, =Vp — Sdec/z
L% =y, — Sovge/2 (3.6)

Lcn dé;n =" - SngC/Z
Cye d;? = (Sal'ca + Shich + Scice — Sgicn)

A general mathematical model of the two-level four-leg VSI in a three-phase
four-wire system is established by state space model.

7ZX = AX +BU (3.7)
where
0 0 0 0 -8,/2
0 0 0 0 -5/2
A=]10 0 0 0 -S/2
0 0 0 0 S/2

|92
2
[22)
S
|92
o
|
OQ(/J
o

X=lica i dcc fen Vacl
B=diag[l 1 1 -1 0]
U=[va v Vve va 0]
Z=diag|L. L. L. Ln Cg]

3.2.2 Voltage Control Signals According to the Required
Compensating Currents

The required compensating currents given by a power quality compensator are
discussed in Sect. 2.2. The parallel power quality compensator is operated as a
current source, injecting the same but negative amplitude of harmonic, reactive and
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unbalance currents so that the source can provide balance sinusoidal currents to
loads in order to optimize the power flow capacity and reduce loss. It is because the
inverter itself is a voltage source inverter but operating as a current source, the
inverter should generate the corresponding inverter terminal voltages according to
the required compensating currents. According to Fig. 3.10, the voltage vector
generated by the voltage source inverter can be given in (3.8).

di,
_,inv = _LC_L vV 3.8
v R (3.8)

When dt = T, assuming the sampling instants between KT and (K + 1)T,
where K is any integer number and T is the sampling time, the discrete required
compensating voltage, Vs, from the VSI can be obtained as shown in (3.9). One
should be reminded that the vector in this section can be expressed in abc and/or aff
0 frames, but both coordinates are equivalent to one another.

Ty KT = = 2 (EA(K+ D] = KT} + FIKT) (3.9)

When the internal resistance of the coupling inductance can be ignored, (3.9) can
be employed. The measured parameters are i.[KT] and ¥[KT], where i.[KT] is the
compensating current from the VSI at the time K7, and ¥[KT] is terminal voltage at
PCC. The sampling period is already fixed with the value of 7. The next expected
compensating current from the VSI should be z[(K + 1)T;]. If the internal resis-
tance, R, of the coupling impedance between the VSI and point of the common
coupling terminals cannot be ignored [10], the discrete required compensating
voltage, V., from the VSI can be expressed in (3.10).

Vo KT = — % {Ai,[(K +1)T,] — (1 — AX)i.[KT,]} + V[KT] (3.10)

where AX = K. o= (R/LIT . T,

¢

3.2.3 Space Vector Analysis of a Four-Leg VSI

In a conventional two-level three-leg VSI as shown in Fig. 3.6, there are 2° = 8
vectors. The constraint is vy = 0 for any combination of switching functions, S, S,
and S, as given in (2.55). As a result, the voltage vectors generated by the three-leg
VSI are all laid on the af plane. The voltage vector of a three-leg VSI can be given
as (3.11), where the switching function can be S, = {+ 1, —1} and x = {a, b, c}.

3 e o 1. 1.\ L1 )
Vihree—leg = ) ( 3 <Sa ZSb ZSC) “Ny+ \/z (Sb SC) . l’lﬂ) (311)
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Fig. 3.11 Space vectors of a

two-level three-leg VSI 7
311 D V2(1 )

S)
=

V4(71 1)

ST

(-1 -1

||Y/’,hree,leg|| =p Vg =7r-vg where p=r=0.816 (3.12)

By considering rectangular and cylindrical coordinates, the parameters, p and r,
defined in (2.65) and (2.66) are employed. The values of p and rin (3.12) are 0.816.
Comparing with Table 2.2, p and r = 2 X 0.816, it is because the dc voltage of the
converter in Chap. 2 is 2v,. = v4.; +v4.2 but in Chap. 3 dc voltage of the converter
is vgc so that (3.12) with p = r = 0.816. All the angles among directional vectors
are 60° apart from one another. There are 2 zero vectors at the origin. Those zero
vectors can be employed in arranging the pulse patterns in pulse width modulations
to reduce the switching frequency and switching loss. Figure 3.11 shows the space
vectors of the three-leg inverter on of plane.

In a two-level four-leg VSI, there are 2* = 16 available vectors. Figure 3.12
shows the projection of the space vectors allocation of four-leg inverter on aff plane.
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Comparing space vectors of three-leg and four-leg inverters on ¢f plane only, one
can find that all vectors, except zero vectors, have the same length of » * v, in
which r = 0.816. Table 3.1 lists all the vectors corresponding to their switching
functions.

Figure 3.13 shows all space vectors of a four-leg VSI in three-dimension.
Table 3.1 lists all the vectors from abc into af0 coordinates, where vq. is the
instantaneous dc link voltage of the four-leg VSI. Table 2.4 lists all voltage vectors
when 2v,.. is the instantaneous dc link voltage. One can find that these 2 tables have
a factor 0.5 difference. Those vector characteristics in three-dimension can be
classified and considered as follows when v, is the instantaneous dc link voltage:

(1) Vectors, \7'00,Z and \700,,, are perfect zero vectors which can be used for
arranging the pulse patterns to reduce the switching frequency and switching
loss. Only \70()" and VOOp are laid on the origin of off plane.

(2) Vectors, \70,, and ‘70,,, are zero vectors. However, both of them can inject only
zero component voltage into the system and they do not have any voltage

Table 3.1 Two-level four-leg VSI voltage vectors
Seo | Sa |8y |Se [ Vag [ Vg |[Veg |Sa |Sp |So | Ve Vg
0

Vi (7L =1 =1 v |0 0 2 o |2 \/§de Vie
Vo |11 |1 =1 |va |va |0 1 |2 |4 e Lvae | Zvac
V3, |~ [-1 |1 |10 vee |0 R R W F S

V |ZL =11 |1 o v (v =200 |4 |_ B |0 Vie

Vs, [-1 =1L |=1 1 [0 |0 v |-1|-2|2 7\@% e

— — — =1
Vep 1|1 1|1 | v 0 Ve 1 2 |4 \/% Vie 5 Vae Ve
Vo , |1 |1 1 1 | v Ve Ve 0o |0 |6 |0 0 V34
Voon |—1 -1 [-1|-1]0 0 0 o |0 |0 |0 0 0
o _ — — 2
Vin |1 1 1 110 Ve Vde 2 |0 4 \/%vdc 0 — Ve
= — _ — €1 _ 1
Van |1 1 1 110 0 Vae | 1 2 2 é Ve 75 Ve 75 Ve
2 T e L A S I Y ) o
\74n 1 -1 |1 1 —Vae |0 0 -2 10 -2 | %Vdc 0 — % Ve
Vs, |1 -1 |-1|1 Ve | =Vae |0 -1 |-2 |4 7\/%‘)[10 &—%vdc — % Ve
Ve |1 1 -1 /1 |0 —vge |0 1 -2 |2 \/% Vie &—% Vae | — % Vde
Vo |1 -1 -1 |-1 | =vg | —Vae |=vac |0 [0 |—6 |0 0 3
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Fig. 3.13 Space vectors of a
two-level four-leg VSI in
three-dimension
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n:l

component on aff plane. Its parameters in zero components are p = Zy =
1.732 .

When Zy = 1.155, there are vectors, \71n,\72p,\73n,\74p,\75n,\76p, in which
‘72,,7 174,, and \76,, are laid on Zy = 1.155. On the other hand, ‘71”, ‘73,, and ‘75,,
are laid on Zy = —1.155. The norm of those vectors is p = 1.414.

When Z, = +0.557, there are vectors, le, 172,1, l7'3p7 ‘74;17 \75p, 176,1, in which
\71p, 173,, and Vsp are laid on Zy = 0.557. On the other hand,Vzn, \74n and ‘76;1
are laid on Zy = —0.557. The norm of those vectors is p = 1.

When Zy > 0 is required, vectors, ‘71,,, \72,,, ‘73,,, \74,,, ‘75,,, \76,, and \70,,, can be
chosen. And vice versa, \71,1, \72,,, \73,,, \74,,, \75,,, \76,, and ‘70;1 can be chosen for
Zp<O0.

Finally, its output voltage of the four-leg VSI can be expressed as (3.13). All
vectors, except zero vectors (170,1, \70p, 1700,, and 1700,,), have r = 0.816 on af
plane.

. vae [ 2 1 1 1 .
Viour—leg :% ( 3<Sa - ESb - 2Scb> Mg+ E(Sb - Sc) ng
1

V3

(3.13)

+ —=(Sa+Sp+ S — 3S,) ~ﬁ’0>
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3.2.4 Hysteresis PWM

The pulse width modulation plays an important role in the APF control system to
inject the required current for compensation. It generates the trigger signals for each
power electronics switches in terms of the compensating current references. In this
section, the hysteresis PWM method for two-level four-leg inverters is introduced.

3.2.4.1 Basic Hysteresis PWM

The basic operation principle of hysteresis pulse width modulation (PWM) can be
explained in Fig. 3.14, where i} is the reference tracking current and i is the
actual injected current. There are upper and lower margins between i,. When the
actual current i., reaches the upper margin of i, the switching state is changed to
negative state. Vice Versa, when the i., reaches the lower margin of i, then the
switching state is changed to positive. As a result, the actual current can be
oscillating somewhere between the upper and lower margins of the reference

tracking current, in which the VSI actually operates as a controlled current source.

3.2.4.2 Hysteresis PWM for Two-Level Four-Leg VSI

The block diagram of the hysteresis PWM for the two-level four-leg VSI is shown
in Fig. 3.15. The current references are compared with the measured output currents
of the VSI. The obtained error passes through the hysteresis controller and then the
trigger signals for the switching devices are generated. The switching frequency is
not fixed [11, 12] and it varies according to the error band and system parameters.
By using instantaneous reactive power theory [13—15] and mixed coordinate
instantaneous compensation method described in Sect. 2.2, the reference tracking
current can be calculated.

In a-b-c-0 coordinates, the upper and lower error bands or tolerances of hys-
teresis methods can be defined as following.

Fig. 3.14 Generation of A
trigger signals of the Upper band — —.
hysteresis PWM

Lower band

/ — ___ Trigger
I_ Signal

-
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Fig. 3.15 Hysteresis PWM ¥ oT
for two-level four-leg VSI ca _ > 1T >
s HHH—>
111
Trigger Signals
» HH—
111
o [TT >
111

Upper Band Limit : i+ B

Lower Band Limit : i, — B

where i, (k=a, b, ¢, n) is the reference tracking current and B is the total
error-allowable band width. The error bands in a-, b- and c-axis form a cubic in
a-b-c coordinates, as shown in Fig. 3.16. And the volume of the error cubic is equal
to 8B°.

The error in the fourth-leg of the two-level four-leg VSI should be considered in
a PWM method. The error band of the current passing through the fourth-leg, i.e.,
the error of the neutral current compensation, varies between —B and B. However,
when the two-level four-leg VSI is used as a shunt power quality compensator, as
shown in Fig. 3.10, the error of the fourth-leg and the other three-leg output are not
independent of each other.

Fig. 3.16 Error volume in
a-b-c coordinates
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The following relations should exist: ic, +icp +icc = ien, iex = L, + €x, Where icy
(x = a, b, c, n) represents the output currents of the VSI, i, represents the current
reference and e, (x =a, b, c, n) represents the compensation error. Since
ii, +iy, +1, =i, the following result is derived: e, + e; + e. = e,. The hysteresis
band of the fourth-leg includes an extra restrict to the total error band in the a-b-c
coordinates, i.e., —B <e, + e, + e, = e, < B. After this new limits are applied, the
error cubic in the a-b-c coordinates is shrunk to an octahedron, as shown in
Fig. 3.16. The volume of the error octahedron is 4B*/3. Consequently, when
compared with the results from [16], the two-level four-leg VSI provides a better
performance compared to that of the two-level center-split VSI when the hysteresis

PWM is used, especially in the neutral current compensation.

3.2.4.3 Simulation Results

The simulated system configuration is shown in Fig. 3.10 when the two-level
four-leg VSI is applied to a three-phase four-wire APF. The source currents are
shown in Fig. 3.17. The APF began to operate at 0.04 s. The THD of the source
currents is reduced from 39.9 to 5.4 %. The neutral currents drop from 12.1 to
1.7 A. The sampling frequency is 10 kHz, that is to say, the trigger signals are
determined in every 100 us by comparing current tracking error and the error band.
In principle, the switching frequency is not a fixed value in the hysteresis PWM as it

=-isa Source Current

-25.0
2007 —
N

200
0.020 0.040 0.060 0.080 0.100

Fig. 3.17 Source currents before and after APF compensation
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depends on error band, coupling inductance and instantaneous voltage difference
between the point of common coupling terminal voltage and VSI terminal voltage.
By fixing the sampling frequency, the error band may be larger than the predefined
value. The recorded switching frequency is around 2.5 kHz for this simulation.

As discussed in the previous sections, the a-b-c-0 hysteresis PWM control of the
two-level four-leg VSI includes an extra constraint for the error in zero-sequence.
As a result, the neutral current compensation performance is better when a
two-level four-leg VSI is used. Results of the comparison with the three-leg
center-split VSI are given in the following sections.

3.2.5 Space Vector Modulation

3.2.5.1 Basic Space Vector Modulation for Two-Level Three-Leg VSI

In this section, a basic two-level three-leg VSI is discussed and basic concept of
space vector modulation (SVM) is introduced in 2-dimension aff plane. Another
approach of PWMs can be based on the space vector representation of the voltages
on a f plane. There are eight states available according to eight switching positions
of the conventional three-leg VSI as depicted in Fig. 3.18 . The space can be further
divided into totally 6 sectors as shown in Fig. 3.18. The required reference voltage,

—

Vief, 1s assumed constant during one switching cycle.

In Fig. 3.19, the reference vector, Vref is located in sector I. The voltage-second
reference can be approximated by a sequence of voltage-second states. Hence,
(3.14) can be given for a switching cycle in sector I and (3.15) is a constraint for
keeping the switching time to be 7.

Fig. 3.18 Space vectors of a ,71’
conventional three-leg VSI 17 B -
31 1 1) Vz(l _—
Sector|ll
17 Sector Il . Sector | 17
4-1 11 0p(1 1 1) I -1 -y
= » n
o
VOn(—l -1 -1
Sector 1V, Sector VI
Sector V
V. v

S(-1 -1 1) 61 -1 1)
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Fig. 3.19 Determination of
switching times

Vyer Ty = Vity + Vata + Vot (3.14)
Ty,=t+tH+1 (315)
Referring to Fig. 3.6, the voltage vectors \71(1,_1,1) and ‘72(131_1), can be
expressed as:
_ 2
Via,-1,-1) = 3Vde * T (3.16)

5 2 (1 V3
Vaui,-1y = \/; Vde (5 My 7'71/;) (3.17)

Furthermore, when the space vectors are described in rectangular coordinates, it

follows that:
~ [cos0 2 1 2 cos 60°
Vre'|:sin6:|Ts - J;Vdc[o}t1+ﬂVdc[sin600}t2 (318)

Hence,

[Vier| sin(60° — 0)

2 sin 60°
3Vdc

Hh=T;-

(3.19)

(3.20)

th=Ts,—H — b (321)
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The zero vector switching time is # and zero vectors are Vi, and

\70,1(_17_1’_1). One of them can be chosen to reduce the switching frequency. To
obtain minimum switching frequency of each inverter leg, it is necessary to arrange
the switching sequence in such a way that the transition from one state to the next is
performed by switching only one inverter leg [17]. It can be seen in Fig. 3.20 that
the above conditions are met if starting from one zero state, the inverter legs are
switched in the relevant sequence ending at the other zero state. Similarly, the
above approach can be applied in other sections. An optimum pulse pattern of space
vector PWM is given in Fig. 3.20, in which the switching sequence is
‘70n ‘71 ‘72 ‘70[7 ‘72 ‘71 ‘70n .

Hereafter, the space vector modulation for four-leg VSI is explained and it can
be considered in three-dimension space and this approach can be classified as 3D
SVM in four-leg VSL

3.2.5.2 Space Vector Modulation for Two-Level Four-Leg VSI

The 3DSVM proposed in [18] is to calculate the switching times with respective
nodes a, b, ¢, and n as shown in Fig. 3.10, which has four steps: (1) Prism
Identification, (2) Tetrahedron Selection, (3) Duty Ratio Calculation of each
non-zero voltage vectors and (4) Switching Sequences Determination. Those steps
are explained as follows. However, by using 3DSVM to control the inverter to

» time, sec

» time, sec

» time, sec

Fig. 3.20 Optimum pulse pattern of space vector modulation (SVM)
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operate as an active power filter, the reference voltage generated by 3DSVM should
create the corresponding compensating reference current accordingly. By using the
mixed coordinate instantaneous compensation method described in Sect. 2.2, the
reference tracking current can be calculated. However, the corresponding voltage
vectors should be calculated according to Sect. 3.2.2 so that the VSI can be
operated as a current source to inject the required compensating current.

A traditional three-leg VSI has eight possible switching combinations. With the
additional fourth leg, the total number of switching combinations increases to
sixteen. The 2* switching vectors can be displayed in af0 frame as shown in
Fig. 3.13.

Step (1) Prism Identification

According to the defined parameters,  and ¢, as shown in Fig. 3.21, these
parameters of the reference voltage vectors are calculated. The Prism sections [18]
can be classified as given in Table 3.2, which are the same definition as the
Section I, II, I, IV, V and VI as shown in Fig. 3.18. Finally, a Prism can be
decided based on the projections of the reference voltage vector on aff plane.

Step (2) Tetrahedron Selection

In order to minimize the current ripple, switching vectors adjacent to the ref-
erence vector should be selected. Within the selected prism, there are six non-zero
switching vectors and 2 zero switching vectors, which can further divide the prism
into four tetrahedrons. For example, when the reference voltage is inside Prism I,
the reference vector can be within:

Tetrahedron I which defined and bounded by le, \71,,, Vgn, Voop and ‘700,1

Tetrahedron II which defined and bounded by \71,,, ‘72,,, \72,,, ‘700,, and \700n
Tetrahedron III which defined and bounded by \70,,, \71,,, \72,,, \700,, and \700,,
Tetrahedron IV which defined and bounded by ‘70,,, \71,,7 \72,1, \700,, and \700n

Fig. 3.21 Defined
parameters in coordinates

Table 3.2 Prism classification

Prism 1 Prism II Prism IIT Prism IV Prism V Prism VI
0<0<60° |60°<0<120° | 120°<0<180° | 180° <0 <240° |240°<60<300° |300°<0<360°
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For simplicity, Fig. 3.22 shows those six non-zero directional vectors,
\701,, VOn, Vi s \71,” Vzp and V,,, as well as two zero vectors VOOp and Vg, for Prism I
in af0 frame. Each tetrahedron has three non-zero directional vectors and two zero
vectors and they all are adjacent to each other.

Synthesizing the reference vector by using adjacent vectors inside a tetrahedron
of a prism minimizes the current ripple. The tetrahedron identification can be
achieved by referring the voltage polarities of the reference vector in abc coordi-
nate. The tetrahedron that encloses the reference vector has the same voltage
polarity set. The selection of zero vectors on the sequencing scheme can provide a
degree of freedom to reduce the switching loss and harmonic component generated.

Step (3) Calculation of Switching Times

Referring to (3.14) and (3.15) for 2 dimensional SVM, the switching times for
adjacent vectors in 3D SVM can be calculated by:

ViegTy = Vity + Vata + Vatz + Votg (3.22)
Fig. 3.22 Six non-zero i
directional and two zero 0
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Ts=t+H+t3+1 (3.23)

For example, the reference vector is allocated in Tetrahedron I of Prism I so that
adjacent vectors, ‘71,,, \71,1 and ‘72”, are selected in order to synthesize the reference
vector by using voltage-second concept. In this case, \71p = \71, \71,1 = 172 and ‘72;1 =
\73 are selected. Then, \70 can either be \70(),, or \7})()”. According to different locations

of the reference voltage vector, Vi, Vs, Vs and V, are selected correspondingly.
There are totally 24 sectors (6 Prisms and each of them has 4 Tetrahedron).
Therefore, the pre-calculated 24-matrix table is required in practical
implementation.

Step (4) Switching Sequences

The ON time calculation of each switch is based on the arrangements of
non-zero voltage vectors and zero vectors. However, the distribution of t; on zero
vector(s), ‘700,, or/and ‘700,,, can be chosen based on switching loss and/or harmonic
current distortion. The detailed switching sequences and comparison among them
are not included in this book but that information can be founded in [18].

3.2.5.3 3D Direct PWM for Four-Leg Inverters

In above section, a 3DSVM is explained. However, it requires several steps for
implementation of 3DSVM. Therefore, the 3DSVM of a two-level four-leg VSI
involves complex calculations and switching tables. Relatively, comparing this
3DSVM with a carrier based PWM method, one can find that a carrier based PWM
[19] is equivalent to the above 3DSVM, but its implementation is easier. The basic
idea of the carrier based PWM is to generate the PWM outputs by direct deter-
mination of the reference voltages for each leg of a four leg VSI. The 3D direct
PWM [20] is also based on generating the pulse of each leg independently.
Therefore, the 3D direct PWM can be used to control a four leg VSI, which is given
in this section.

The direct PWM is based on the volt-second approximation just like the con-
ventional SVM. The output voltage of each leg is synthesized by two voltage levels
for a two-level VSI. The single leg output model is given in the Fig. 3.23. A virtual
ground is introduced in the middle of the dc bus. The dc capacitor is split to two,
but actually one dc capacitor can be used. If the target output of this leg is V,.x
(x =a, b, ¢, g) and the period for the pulse width modulation is T, the approxi-
mation of the output voltage is expressed in (3.24), in which 7, (x = a, b, ¢, g) is
the pulse width when the upper switch is turned on and the lower switch is turned
off. During this time interval, the output voltage V;,,. (x = a, b, ¢, g) equals to V,./2.
In the remained time of one period, the upper switch is off and the lower switch is
on and V,,. equals to —V,./2.
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Fig. 3.23 Single leg output Vyo/2
model of two-level VSI

Virtual
Ground Vinux
-Va/2
Vrefsz = Vdc‘/2 : Tonx - Vdc/2 : (Ts - Tonx) (324>

From (3.24), (3.25) is deduced. By normalizing the reference voltage with the
dc-link voltage and normalizing the pulse width with the period T, (3.26) can be
further deduced. It indicates that the pulse width of each leg can be directly cal-
culated by the normalized reference voltage.

Tonx/TS = Vrefx/vdc + 1/2 (325)
Tonx = vrefx + 1/2 (326)

The output phase-to-neutral voltages of two-level four-leg VSIs are determined
by the difference between the output voltages of inverter leg x (x = a, b, c¢) and the
fourth-leg g.

Ve = Viefx — Vrefg X = a, b, ¢ (3.27)

According to (3.26), the normalized pulse width of legs A, B and C are
expressed as (3.28) and the normalized pulse width of the fourth leg is expressed as
(3.29).

Tonx = Vxg + Vrefg + 1/2 x=a,b,c (328)
Tong = Vrefg + 1/2 (329)

The v,, (x =a, b, ¢) is the phase-to-neutral reference voltage for controlling
four-leg VSIs. If a parameter v,, is introduced, which always equals to zero, (3.28)
can also be used to calculate the pulse width of the fourth leg. The corresponding
output pulses of a two-level four-leg inverter are shown in Fig. 3.24. The
rising-edge aligned scheme was chosen for the convenience in illustrating the
effective time in the following discussions.

The effective time is defined as (3.30), which equals the difference between the
dwell times of legs A, B or C and the fourth leg g, as shown in Fig. 3.24. If (3.28)
and (3.29) are substituted by (3.30), (3.31) indicates that output phase-to-neutral
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Fig. 3.24 Output pulse A | |
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voltages are generated in dwell time 7.4 (x = @, b, ¢). In addition, the effective time
tog 18 equal to the normalized phase-to-neutral voltage.

Lo = Tonx — Tong X = a, b, c (3.30)
Tofic = tonx — fong = Vg T Vrefg + 1/2 — (Vrefg + 1/2) = Vxg (331)
O<V)§f+vrefg+1/2<1‘x:a7b7c7g (332)

Only the reference voltage v, of the fourth-leg is unknown when the pulse
width of each leg is calculated by (3.28). According to (3.31), the variation of the
Vrere does not affect the output phase-to-neutral voltages of a four-leg VSI. Hence,
the v,z can be freely chosen if the condition in (3.32) is satisfied, which limits the
normalized pulse widths in the range of 0-1.

(3.32) can be rewritten as:

—1/2 — Vimin <Vrefe <1/2 — Viax (3.33)

where vy is defined as the maximum number from among v, Vig, Veg and vge; and
Vmin s the minimum number from among v, Vig, Veg and vg,. (3.33) only provides
the range for v,.p. In order to get a fixed value for v,.q, an extra constraint is
adopted.

Besides the effective time for generating output voltages, there are redundant
times in one PWM period which are taken up by the switching states (0, 0, 0, 0) and
(1, 1, 1, 1). The output phase-to-neutral voltages are zero when the four-leg VSI
operates according to the two switching patterns. It is assumed that the dwell times
of states (0, 0, 0, 0) and (1, 1, 1, 1) are the same, so that the optimal switching
sequence can be achieved. Consequently, (3.34) is obtained.
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Lonmin = 11— tonmax, (334)

where 7, nin 1S the dwell time of switching states (1, 1, 1, 1), which is also the
minimum pulse width among the four legs, as illustrated in Fig. 3.24; 1 — #,,, uax 1S
the dwell time of switching states (0, 0, 0, 0). If (3.28) is considered, (3.35) and
(3.36) can be obtained. (3.37) is obtained by substituting (3.35) and (3.36) into
(3.34).

Tonmin = Vmin + Vrefg + 1/2 (335)
Tonmax = Vmax 1 Vrefg + 1/2 (336)
Vrefg = — (Vmax + Vmin) /2 (3.37)

Therefore, the shifting voltage is defined as:
Vshift = _(Vmax + Vmin)/2 (338>

where Vi, is the maximum number from among Vg, Vg, Vee and Vgo; Vimin is the
minimum number from among Vg, Vpe, Veg and Vg,

The reference voltage of each leg of a two-level four-leg VSI can be calculated
once the shifting voltage has been determined.

Vrefx = Vxg + Vship X = a, b,c, 8 (339>

According to (3.28), the output pulses can be generated using the pulse widths
determined by (3.40) for a two-level four-leg VSIL

t011x:ng+VShiﬁt+1/2 x:a,b,c,g (340)

3.2.5.4 Simulation Results

The system configuration as shown in Fig. 3.10 is also used to verify the validity of
the direct PWM for the two-level four-leg VSI. One should be reminded that
3DSVM is equivalent to a carried based PWM and it can be implemented by direct
PWM. As a result, only direct PWM is simulated in Table 3.3. The source currents
are shown in Fig. 3.25. The APF began to operate at 0.04 s. The THD of the source
currents reduce from 39.9 to around 5 %. The neutral current drops from 12.1 to
1.65 A. The sampling frequency is 5 kHz, just half of that required by a hysteresis
PWM. When Fig. 3.25 is compared to Fig. 3.17, the results indicate that the current
ripple can be greatly reduced. The detailed comparison of the compensation per-
formance is provided in Table 3.3.
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Table 3.3 Comparison of compensation performance of four-leg VSI

83

THDA (%) THDB (%) THDC (%) Neutral currents (A)
Load currents 39.96 39.96 39.96 12.16
Hysteresis PWM 9.06 9.68 9.27 1.75
Direct PWM 5.6 5.34 5.05 1.65

e Advanced Graph Frame

20 1
101
0]

> 101

-20

20 1
10 1
> 9]
-101

-20

20 1

10 1

> 07

-10 1
-20 1
=|sN
207
10 1
01
-10 1
-20 -

0.020 0.040 0.060 0.080 0.100 0.120

Fig. 3.25 Source currents before and after APF comparison

3.3 Two-Level and Three-Level Three-Leg Center-Split
VSI as Three-Phase Four-Wire Active Power Filters

Three-leg center-split voltage source inverters (VSIs) are proposed for applications
in three-phase four-wire systems [3, 21-23]. The DC capacitor is split to two, so
that the neutral wire of the three-phase four-wire system can be connected to the
inverter. The two-level center-split VSI based APF system configuration is shown
in Fig. 3.26, which can be operated in a three-phase four-wire power system.
However, for the higher voltage power applications, the multi-level VSI
topologies are good alternatives. The multi-level structure not only reduces voltage
stress across the power electronics switches but also provides many more available
vectors. Therefore, it improves harmonic output contents of the VSI by selecting
appropriate switching vectors. The most popular topology is the three-level
neutral-point-clamped (NPC) inverter [24, 25]. Since the dc capacitor is split to two,
this inverter can be used in a three-phase four-wire APF without modification.
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Fig. 3.26 A three-phase four-wire APF uses a two-level center-split VSI

The system configuration of a three-level three-phase four-wire APF is shown in
Fig. 3.27. It is obvious that the traditional three-level neutral point clamped inverter
can be directly applied into three-phase four-wire applications [26] from the
three-phase three-wire systems if and only if a neutral wire is connected as shown in
Fig. 3.27.

3.3.1 Modeling of Three-Leg Center-Split Active Power
Filters

The modeling of the three-leg center-split active power filters is given in this
section. The active power filter can be a two-level or three-level VSI. The equiv-
alent model of the three-level VSI is shown in Fig. 3.28.

From Fig. 3.27, the switching functions are considered as the equivalent swit-
ched devices such as IGBT’s, e.g. in phase A, S, can be written as:

1, Tyon, Tyon, Tsoff, Tsoff
Se=1% 0, Tioff, Troon, Tscon, Tyoff (x =a,b,c) (3.41)
- 17 Tlx Oﬁy T2x Oﬁca T3x on, T4x0ﬁ

There are three cases in one leg of the three-level VSI such as positive, zero or
negative switching function in the equivalent model in Fig. 3.3.
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Fig. 3.28 Equivalent model of three-level VSI correct S3, to Sp,

(1) IS, =1, then Sy, = 1, Spy = 0, S, = 0;
(2) TfS, =0, then Sy, = 0, Spy = 0, Sa = 1
(3) If Sa = _1, then Sla = O, S2a = 1, S3a = 0,

It is noticed that S,, Sy, and S, can be 1, 0 and —1. The boundary condition of S,
S, and S3, is defined as
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Sla +S2a +S3a =1
{Sla =1or0, Sy,=1or0, S3,=10r0 (3.42)
It means that when S, is equal to 1, then S,, and S3, must be zero. When the
two-level VSI is employed, S, = 0 is not existed. As a result, the modelling in this
section can be used for both two-level and three-level cases.
According to Fig. 3.28, the relation among the ac-side compensating current i,
the terminal voltage of the VSI v;,,,, the terminal voltages at PCC v, and coupling
inductors L. can be expressed as (3.43), where x = a, b, c.

di, .
L= = *Rc “Ica — Vinva T Va

C(?I -
L. Cll;h = 7Rc ' icb — Vinvb + Vb (343)
L. % = =R - icc — Vinve + Ve

By using the switching functions, the relation between the terminal voltage and
the dc-link voltage can be expressed as:

Vinva = S1a * VdeU — S2a * VdeL
Vinvo = S1b * Vdeu — S2b * VdeL (3.44)
Vinve = Stc * VdeU — S2c * VdeL

A general mathematical model of the three-level converter in a three-phase
four-wire system can be established as follows:

ZX = AX +BU (3.45)

where
—R(. 0 0 _Sla SZu
A= 0 —-R. 0 =S, Syu
0 O 7Rc 7Slc S2C

X =lia deo fec Vau V]
B =diag[l 1 1]

U=[v, v v]

Z =diag[L. L. L.]

3.3.2 Space Vector Analysis of a Three-Leg
Center-Split VSI

In a three-phase three-wire or three-phase four-wire system, an instantaneous
voltage vector of the VSI, V, can be represented by a linear combination of the
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vectors, 7y, i1, and 7., which can form a basis, B = {#,, 71y, 7i. }, for a vector to span
with

V= Ky + Koty + K., (3.46)

where K, K, and K, are scalars.

The three-phase instantaneous voltages of the VSI can be transferred from abc
into af0 coordinates in three-phase four-wire systems by the coordinate transfor-
mation matrix as given in (3.47)

v, S[ 1 =2 =12 7,
vg :\é 0 V3/2 —V3/2| |y, (3.47)
Vo 1/vV2 1/vV2 1/vV2 | |v.

Finally, an instantaneous voltage vector of the VSI can be expressed as (3.48).

V=K., + K/jﬁ/} + Koty (348)

An instantaneous voltage vector of a three-leg center-split VSI can be repre-
sented by (3.49), where K,, Kz and K, are \/2/3vcha/2,1/\/§vch5/2 and
1 / V/3v4:80/2 correspondingly. In (3.49) for simplicity, the upper voltage of the

dc-link of the converter is assumed to be equal to the lower dc voltage of the VSI,
VdcU = VdeL = Vdc/2~

. Ve 2 R 1 . 1 .
Veenter—split = % [ gSoc “Hy + 7§S/i -Hg+ ﬁSO * o (349)

where S, =S, — 1S, — 38,55 =S — Sc and So = S, + Sp + S..

3.3.2.1 Two-Level Three-Leg Center-Split VSI

For a two-level three-leg center-split VSI, there are totally eight output voltage
vectors. The parameters of 3D voltage vectors in the a-b-c coordinates and in the a-
[-0 coordinates are given in Table 3.4. The corresponding space vector allocation
in 3D aspect is shown in Fig. 3.29. The vectors {‘72, \74, \76} and {171, 173, \75} lie
on different horizontal levels and the zero vectors {\70,,7 170,1} are the directional
vectors pointing in positive and negative zero-axis respectively. The projection of
the space vector allocation on the a-f3 plane is just the 2D space vector allocations,
as shown in Fig. 3.30.

Based on the defined parameters in Cylindrical or Spherical Coordinates as
given in (2.65), (2.66), (2.67) and (2.68), when V, . =2 is assumed, Table 3.5
summarizes two-level three-leg center-split VSI voltage vectors based on its
cylindrical and spherical coordinate parameters. The mark, *, means “undefined” in
the Table.
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Table 3.4 3D voltage vectors of the two-level center-split VSI

3 Active Power Filters

Vectors [S, [Sp |Se | Va Vi Ve Sy |Sp [So | Va Vg Vo
o 1 | =1 |w Vde | _ Vae - =1
Vi 1 1 1|+ 4 e 12 0 1 \/%Vdc 0 N Ve
o -1 | Vde Ve L 1
V2 Lol L3 2 w b2l \/%v e | 3Vde |55 Ve
Vs -1 (1 |-l |- | w12 |-l _\@vdc Fvc |55 Ve
A R A
3

A I A T e
o - Vde Ve | Vae — =1 1
Ve 1 111 2 2 |2 1 2 |1 \/%v o | aVde |75 Ve
‘7001; 1 1 1 e e e 0 0 3 0 0 ‘/7§Vdc
Voon -1 -1 |1 e e w0 0 -3 |0 0 _T3Vdc
Fig. 3.29 3D space vector
allocation of the two-level
center-split VSI
Fig. 3.30 Voltage space _ ﬂ _
vector’s allocation in the a-f V A V

3(-11 1) 211 -1)
frame

Sector|11
Sector 111 Sector I T
_ VOp(l 1) V4(—l 11)
Vl(l -1}1) 74 127
on(1-1 —1)
Sector IV Sector VI
Sector V
VS(—I -11) V6(1 )
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Table 3.5 Summarizes parameters of two-level voltage vectors for a two-level three-leg

center-split converter

Se 1Sy Se |S. Sy S0 |r 0 Z p ¢
Vo1 -1 =12 jo -1 1633 [0° [-0577 |3 | 109.46°
v, 1 |1 |-t |1 |2 |1 1633 [60° |0577 |3 |70.54°
v, -1 |1 |-t |-t |2 -1 |1633 [120° |-0577 |3 |109.46°
V. -1 |1 |1 |=2 o |1 |1633 [180° |0.577 |3 |70.54°
Vo -1 -1 |1 -1 |-2 |-1 |1633 [240° |-0577 |3 |109.46°
Ve |1 |-t |1 |1 =2 |1 |1633 [300° |0577 |3 |7054°
Ve |1 |1 |1 o o |3 o * V3 V3 oo

Voo |-1 -1 |-1 o o |=3 |o * V3 |3 180

The spherical and cylindrical coordinate parameters are given in Table when V. = 2

3.3.2.2 Three-Level Three-Leg Center-Split VSI

According to previous discussions in Chap. 2, there are 3> = 27 space vectors for a
three-level three-leg NPC inverter. If all these vectors are located in a
two-dimensional plane, there are total 19 different vectors, since some of the vectors
overlap on the a-f plane. The space vector allocation on the two-dimensional plane

is shown in Fig. 3.31.
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According to the length of the space vectors, all these 27 vectors are classified to
four groups. When Vg =2 is assumed, the detailed lists of the vectors in each
group are provided in the Table 3.6, 3.7, 3.8 and 3.9.

e Zero-vector {‘700,,, ‘7000, \700,,}

e Small-vector { Voips Vo, Voo, Voans Vozps Voans Voaps Voans VospVosn, Voops Voon }
¢ Medium-vector {‘712, ‘723, ‘734, ‘745, ‘7567 ‘761}

e Large-vector { Vi, Vo, Vs, Va, Vs, Vs }

If the system has accessible neutral wire, a zero-sequence current component can
exist. It is desired that the load current zero-sequence component can be com-
pensated by the active power filter or by the unbalance current compensator. In
these cases, the zero-sequence current component, as well as the other components,
must be controlled. The zero-sequence output of the voltage vectors are also pro-
vided in Tables 3.6, 3.7, 3.8 and 3.9. Figure 3.32 shows the voltage space vector in
the a-f-0 frame.

Table 3.6 Zero vectors

Sa Sb Se Sa Sg So r % Zy P @
Vooo 0 0 0 0 0 0 0 * 0 0 *
Yooy 0 o [+ v |vi o
Voon -1 -1 -1 0 -3 0 * -3 V3 180°
Remark: “*” means “unavailable”
Table 3.7 Small vectors
Sa [So |Sc  [Sq Sg |So |r 0 Zy p ¢

\7011, 1 0 0 1 0 1 0816 |0° 0577 |1 54.76°
Voin 0 [-1 |-1 1 0 (-2 |0816 |0° -1.155 |,/2 |144.76°
‘7021) 1 1 0 0.5 1 2 10816 |60° 1.155 |,/2 |35.24°
Voo 0 0 |-1 0.5 1 |-1 |0.816 |60° -0.577 |1 125.24°
‘703,; 0 1 0 |-05 1 1 |0.816 |120° 0577 |1 54.76°
Vo |1 0 -1 |-05 I |-2 |0816 |120° |—1.155 |,/2 |144.76°
‘704,; 0 1 1 |-1 0 2 10816 |180° 1.155 |,/2 |[35.24°
Voun |1 0 0 |[—-1 0 -1 |0.816 |180° |—0577 |1 125.24°
‘705;; 0 0 1 |-05 |-1 1 |0.816 |240° 0577 |1 54.76°
Vos, |1 |1 0 [-05 |—-1 |—2 |0.816 |240° |-1.155 |,/2 |144.76°
‘706;; 1 0 1 05 |-1 2 10.816 |300° 1155 |2 |[35.24°
Voon 0 |-1 0 05 |-1 |-1 |0.816 |[300° |-0.577 |1 125.24°
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Table 3.8 Medium vectors

Sa Sb Se Se Sg So r 0 Z o 10)
Via 1 0 -1 1.5 1 0 V2 30° 0 V2 90°
Vs 0 -1 0 2 0 V2 90° 0 V2 90°
Vaa -1 0 -1.5 0 V2 150° 0 V2 90°
Vas -1 0 1 -1.5 -1 0 V2 210° 0 V2 90°
Vse 0 -1 1 0 -2 0 V2 270° 0 V2 90°
Ver -1 0 1.5 -1 0 V2 330° 0 V2 90°
Table 3.9 Large vectors

Se [Se [Se [S. [sp [so [r 0 |z p o

v 1 |-1 |-1 2 -1 |1633 |0° -0.577 | /3 |109.46°
V, 1 1 |-1 1 1 |1.633 |60° 0.577 | /3 |70.54°
Vv, |-l 1 -1 |-1 -1 |1.633 |120° |-0.577 |,/3 |[109.46°
Vv, |-l 1 1 |2 1 | 1.633 |180° 0.577 |\/3 |70.54°
Vs |-1 -1 I |-1 |=2 |-1 |1633 |240° |-0577 |/3 |109.46°
Vs 1 |-1 1 1 |2 1 | 1.633 |300° 0.577 |\/3 |70.54°
Fig. 3.32 Space vector VUOP
allocation in the a-f-0 frame A
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According to the values of the zero-sequence component of each vector, the total
of 27 vectors can be classified to three groups.

o Zy> 0: Voo, {‘7021); Voap, ‘70617} and {‘701;7, V2, Vosp, Vi, Vosps ‘76}
o Zy=0: Voo and {Vi2, Va3, Vs, Vis, Vse, V1 }
o Zo < 0: Voon, { Vo, Vosn, Vosn } and {V1, Voo, V3, Voun, Vs, Voen }

There are seven voltage levels or units in zero-axis, which are {\/§, 1.155,
0.577, 0, —0.577, —1.155, _\/§} when V,. =2. All the medium vectors,
{‘712, ‘723, ‘734, 1745, \756, \761 }, locate on the horizontal plane of Z; =0, form a
hexagon, just like the space vector allocation of a two-level VSI. The current
injecting to the system neutral wire is zero when the output vector of the three-level
NPC inverter locates on this plane. As a result, the neutral current is not
compensated.

When Z,, > 0, there are three levels, as shown in Fig. 3.32. The vector \700,, has the
highest zero-sequence output in which the outputs on the a-axis and B-axis are zero.
For the other two levels, vectors {\702,,, \704,,, \706,,} and {‘701,,, \72, \703,,, \74, \705,,, \76}
can be utilized respectively. They are able to provide the zero-sequence output and
provide compensation on the a-axis and f-axis simultaneously.

When Z; < 0, there are also three levels and the space vector allocation just
symmetrical to the vectors when Zy > 0. In addition, there is one vector Vooo, which
has zero output on the a-axis, f-axis and zero-axis.

3.3.3 Three-Dimensional Sign-Cubical Hysteresis PWM

3.3.3.1 Basic Control Strategy

In this section, a control strategy for the three-level VSI in a three-phase four-wire
system is described by the Sign Cubical Hysteresis Current Controller or the Sign
Rectangular Bar Hysteresis Current Controller [26]. The basic concept of this
control strategy is explained in Fig. 3.33. The hysteresis limits of Aa, AR and AO
can be equal to each other (Ao = A = AO) so as to make use of the cubical control
technique, however, they may not be equal to each other so that rectangular bar
control hysteresis strategy is employed. The injected current of the three-level VSI
is detected and transformed from a-b-c frame into a-$-0 frame.

The difference between the reference tracking current (l?f-a/io) and the actual

compensating current (?m[;o) between the VSI and the point of common coupling

terminal will be the control signal (A?mﬁo) for the controller to control the action of
the VSL
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Fig. 3.33 Concept of sign
cubical hysteresis control
strategy

[e]

¢+A0
-AO

-

Aleapo = Ty — Teapo (3.50)

There are three voltage levels {1, 0, —1} in three-level VSI so that the sign of
triggering pulses is an important parameter in tracking the reference current so as to
choose the correct vectors.

When the reference compensating signal i, and the actual compensating current
iy are compared, three directions can be defined.

o If i > i+ Ae(x = 0, B, 0) the compensating direction is defined as +1;

o If iy — Ae<i} <ie+ Ae (x = a, B, 0), the compensating direction is defined
as 0;

o If i <i —Ae (x =0, B, 0), the compensating direction is defined as —1.

When the difference between the reference signal and actual input signal is larger
than the hysteresis band value, the output voltage of this leg is triggered to a
positive or, vice versa, to a negative level. However, when the difference is less than
the hysteresis band value, there will be the zero level. According to the direction of
the current compensating requirement, the output voltage vectors of the three-level
VSI can be selected among the 27 available output voltage vectors.

3.3.3.2 Switching Tables and Selection

The compensating direction of each output vector of the three-level VSI is sum-
marized in the Table 3.10. In order to select the proper output vector of the
three-level VSI to achieve the required compensation target, more detailed infor-
mation about the space vector is provided hereinafter.

(1) Vector-Pairs
In Table 3.10 that there are six pairs of vectors, of which two vectors have the
same compensation direction. The six pairs are listed in Table 3.11.
When the required compensating direction is the same as the direction of the
vectors of one pair, one vector has to be chosen from these two vectors.
Although the two vectors have the same directions, their amplitudes in each
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Table 3.10 Compensation directions of the three-dimensional space vectors

S, |Sg | So Sa_|Sp | So
Large Vi(l,—1,-1) + [0 |- |Small Voip(1,0,0) + [0 |+
vectors Vo(1,1,—1) + |+ |4 |vectors Vow(0,—1,—1) |+ |0 |-

Vs(~1,1,-1) - |+ |- Voo (1,1,0) a
Va(—1,1,1) - 0 |+ Vora(0,0,-1) [+ |+ |-
Vs(—1,-1,1) |- |- |- Vos(0,1,0) i
Vo(1,—1,1) + |- |+ Vou(=1,0,—-1) |= |+ |-
Medium V15(1,0,-1) + |+ |0 Voup(0,1,1)  |= |0 |+
vectors 75(0,1,—1) 0o |+ |o Voan(—1,0,0) |= |0 |-
Vau(~1,1,0) - |+ |0 Vosp (0,0, 1) il i s
Vis(—1,0,1) - |- |0 Vosa(=1,-1,0) |- |- |-
Vs6(0,—1,1) 0 |- |0 Voep(1,0,1) + |- |+
Vi (1,—1,0) + |- |0 Voo (0,-1,0) |+ |- |-
Zero vectors \70017(17 1,1) 0 [0 |+
Voo(—1,—-1,—1) |0 0 |-
Vooo(0,0,0) 0 |0 |
iibsl: n?élgirg;eizt:r pair in , Sp So I:arge vectors ?mall vectors
1 0 - Vi Voin
2 + + \72 VOZp
3 - + - ‘73 ‘703:1
4 - 0 + A Vo
5 - - - \75 ‘705n
6 + - + ‘76 ‘706p

direction are different. The output of the pair vectors on the a—f3 plane and in
the zero-axis can be found in the Tables 3.7 and 3.9. The amplitude com-
parison of vector pair is listed in Table 3.12, in which it is assumed V. = 2,
Viaeu = Vaer = 1.

It shows that the vector from the large vector group contributes more in the
o—f frame, but provides less output in the zero-axis. The vector from the small
vector group provides higher zero-axis compensation capability, but its output
in the o—f frame is smaller. When one vector is chosen from these

Table 3'.12 Amplitude ' Vs Vo
comparison of vector-pair

‘717‘727‘737‘747‘757‘76 1.633 0.577
‘701717 ‘702pa ‘703717 ‘704p7 ‘705}17 ‘706p 0.816 1.154
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(@)

(©)

pair-vectors, the error amplitude of (Aio()2 + (Ai,;)z is compared with Ai,

the largest one is chosen so that the vector can be determined from those
pair-vectors to reduce error.

Special Vectors

The number of available output vectors of a three-level inverter is limited. For
the required compensation direction in Table 3.13, no vector can satisfy the
requirement of all the three directions. The vector that is used can only satisfy
the requirement in one or two directions. As a result, errors are introduced in
the remained direction. In Table 3.13, four possible selective vectors are listed
for each case. For example, when the required compensation direction is
Se >0, Sp=0 and Sy = 0, the vector can be selected from, \71, \712, \701p or
‘701;1. The output of those four vectors can be found in Table 3.6, 3.7, 3.8, 3.9,
which are
Vi={8.858}={2 0 —1},Vip={8.8S}={15 1 0},

Voir = {8585, = {1 0 1} and Vo1, = {8, 85,8} ={1 0 -2}
Their outputs in three directions are different. Vi provides the highest
improvement in o-axis and introduces error in the zero-axis. Based on the
regulation that the compensation on the a-f plane is put on a higher priority,
\71 is selected among those vectors. In other cases shown in Table 3.13, the
vector from the first column is selected.

Final Table:

There are totally 27 possible combinations in three-level VSI. Table 3.14 lists
the final switching table in the sign-cubic hysteresis PWM. The control
scheme is shown in Fig. 3.34. The sign of the S,,Sg,So are important
parameters to determine the voltage vector. When the sign is positive or
negative, it means that the signal is larger than the hysteresis limit. When it is
zero, the error signal is within the hysteresis limit. According to Table 3.14,
the switching sequence for the three-level VSI can be determined uniquely.

3.3.3.3 Simulation Results

The simulation is performed by MATLAB/Simulink. The system configuration is
shown in Fig. 3.27, which is a three-phase four-wire active power filter using a

Table 3.13 Special vectors

Sy Sp So Possible selection vectors
1 + 0 v, Vi Voip Voun
2 - 0 ‘74 ‘745 ‘7041; ‘704n
3 0 + + Va3 VOOp ‘7021) ‘7031:
4 0 + - Vi Voon Voou Vosn
5 0 - - Vss Voon Vosn Vosn
6 0 - + Vse \700,; ‘706/7 ‘705/7
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Table 3.14 Final table

Soa | Sp S0 |Sa | Sp | Se Su |Sp S0 |Sa_|S» e | Sa Sp_|Se
1 |+ |+ |- [0 [0 |[-1 [15]0 [0 |O 0 |0
2 + |— |— |0 -1 10 16 |+ |0 0 |1 -1 |-1
3 - |+ |+ |0 1 0 17 |— |0 0 |[-1 |1 1
4 - |= |+ |0 0 1 18 |0 [+ + |0 1 -1
5 + |+ |0 |1 0 -1 19 |0 |+ - |0 1 -
6 + |— |0 |1 -1 10 20 |0 [— |- |0 -1 |1
7 + (0 |-1 0 21 |0 |[— |+ |O -1 |1
8 - |= |0 |-1 |0 1 Larger Vg Larger Vj
9 0O |+ (0 |O -1 122 |+ |+ + |1 1 -1 |1 1 0
10 (10 |- |0 |O -1 |1 23 |+ |[— |+ |1 -1 |1 1 0 1
11 |+ |0 |+ |1 0 0 24 + -1 |1 -1 |[—-1 |0 -1
12 0 -1 10 0 25 |— |[— |—= |-1 |-1 |1 -1 /-1 1|0
13 |0 (0 |+ |1 1 1 26 |+ |0 - |1 -1 |-1 |0 -1 | -1
14 /0 |- |— |-1 |-1 |-1 27 |— |0 + [—-1 |1 1 0 1 1
Vit Vot
[T
la;@’— AO! Sy Logic S, 3Level
. N Aiﬂ [ sign | Selzctor | Pwm
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Fig. 3.34 Control scheme of 3D sign-cubic hysteresis PWM

three-level VSI. The sampling frequency to determine the output vector of the
three-level VSI is 20 kHz. This is also the upper-limit of the switching frequency
for each power switch. The actual switching frequency is lower than this value since
the output vector may not be changed in every period. The selected hysteresis band
affects the actual switching frequency. Larger hysteresis band leads to lower
switching frequency and vice versa.
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Fig. 3.36 Current waveforms after compensation

Figure 3.35 shows the current waveforms before compensation. The current
after compensation is shown in Fig. 3.36. Results indicate that the 3D sign-cubic
hysteresis PWM can control the three-level inverter to achieve a satisfying result in
a three-phase four-wire active power filter.

3.3.4 Three-Dimensional Cylindrical Coordinate PWM

The main drawbacks of the sign cubical hysteresis control strategy are as follows:

e The special vectors divert one improvement in one direction and give dedicated
error in another direction.
Switching frequency is relatively high and random.
The compensated results may be unstable due to the overcompensation or
under-compensation when the switching frequency is fixed and the results are
easy to be affected by the system’s parameters.

In this section, the cylindrical coordinate control 3DPWM is adopted for
reducing the switching frequency and eliminating special vector effects defined in
the last section. In this PWM method, the reference voltage vector is used to
determine the output vector of the VSI instead of the current reference used in the
3D sign-cubic hysteresis PWM. The voltage reference can be calculated according
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to the required current reference as discussed in Sect. 3.2.2. The 3D space vectors
in the cylindrical coordinates are analyzed first before the cylindrical coordinate
control of 3DPWM [10] is discussed.

3.3.4.1 Cylindrical Coordinate Voltage Vectors

In 3D aspect, voltage vectors can be expressed in rectangular, cylindrical or

spherical coordinates. In the rectangular coordinate, {}Z, n_/}, rTO} form a basis and

- = - —

they are orthogonal to each other such that rT(; 77;5 =ng-ng =n,-ng=0. The
instantaneous voltage vector can also be expressed as

V:va~@+vﬁ-r7/;+vo-11_(; (3.51)
where vy, = Vye /2 - Zy,vp = Vg /2 - Zp and vo = Vg /2 - Zo.

The parameters describing the rectangular coordinate are Z,,Zg,Zo and the
amplitude p is expressed as (3.52).

p=\22+25+25 (3.52)

where Z, = \/%Sa,Z,; =185 7)=-L58, and

Vi Vi
1.1
Sy =Su— 585 =55
Sp=Sp — S.

So=S8,+S,+ S,

In cylindrical coordinate, each point in the 3D space is denoted by three
parameters, {r, 0,z0}, as shown in Fig. 3.37. The corresponding definitions for each
parameter are given in (3.53) to (3.55). The values of these parameters for each
vector of a three-level VSI are also listed in Table 3.6, 3.7, 3.8, 3.9.

r= Z§+Z§ (3.53)
Z
0 =tan"!(ZE 3.54
an (Zx) ( )
1
Zo=—So (3.55)

V3
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Fig. 3.37 Cylindrical
coordinate

3.3.4.2 Switching Tables for the Cylindrical Coordinate PWM

After the reference voltage vector and the space vectors of the three-level VSI are
expressed in the cylindrical coordinates, switching tables are designed for selecting
the proper output vector for the three-level VSI so that the required output voltage
of the VSI can be generated. (3.56) and (3.57) are the polar voltage value and polar
angle respectively.

v, =122+ 72 (3.56)
Z
0, =tan"! (Z_ﬁ) (3.57)

The switching tables are designed according to the nearest voltage vector in four
different cases. It is assumed that the voltage is normalized by
Vaeu = Vaer = Vacrz = 1. The zero sequence of the reference voltage vector v, equals
to the Z, in the cylindrical coordinates. There are four values of v, for the output
voltage vector r € {0.816,1.414,1.633}. As a result, four switching tables are
classified according to the polar voltage value v,.

Case 1: Very Small Polar Voltage, v,

When the normalized polar voltage is within v, € {0,0.408}, it is not necessary
to compensate the a-axis and f-axis components. Only zero voltage compensation
is considered and one zero voltage vector is activated. The zero voltage vectors

include voop, vooo and vop,. If vo € {—0.866,0.866},vop0 is chosen. When

vo < —0.866, voo, is used. When v, > 0.866, voq, is activated. When the required
polar voltage is within {0,0.408} and no matter what the polar angle 0, is, the
output voltage vector is selected according to Table 3.15.

Table 3.15 Very small v,—zero vectors
[v,] € {0,0.408} | vo< — 0.866 vp € {—0.866,0.866} | vo > 0.866
Any 0 Voon=[-1 —1 =1 |Voo=1[0 0 0] Voo =[1 1 1]
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Case 2: Small Polar Voltage, v,

When v, € {0.408, 1.115}, the small polar voltage is defined, in this case, polar
angle 0, and zero voltage v, also affect the selection of the output voltage vector of
the VSI Referring to the Table3.7 and Fig. 3.32, the vectors
Voip, Voops Yo3p, Yo4p, Vosp and Vg, are allocated in the positive zero axis although
there are two different zero levels. The zero-sequence output of the vectors \702p, \704p
and Ve, are higher than that of the vectors ¥y, Vo3, and Vops,. On the other hand,
there are vectors Voi,, Voo, Vo3n, Yoan, Vosn and Vog, allocated in the negative zero
axis. In this small polar voltage case, the nearest polar voltage vector is chosen so
that when the polar angle of the reference voltage is within 0, € {330°,30°}, one
output vector is selected from Vy;, and ¥y, according to the zero-sequence direc-
tion. If the zero voltage v, is positive, Vo1, can be activated. Otherwise, Vo1, is
chosen. According to the above consideration, Table 3.16 is defined.

Case 3: Medium Polar Voltage v,

When v, € {1.115,1.524}, the required polar voltage is defined as medium
polar voltage. From Fig. 3.32, it is noticed that the medium voltage vectors are
allocated on the zero voltage level. The medium vectors {Vi2, Va3, Va4, Vas, Vsg, V1 }
are laid on the o-f plane. The medium vectors do not provide compensation
capability on the zero-axis. The output voltage vector is chosen according to the
polar angle when the zero-axis voltage locates in the range of
vo = {—0.289,0.289}. The switching table for the voltage vectors is given in
Table 3.17. However, when the zero-axis voltage of the reference voltage vector is
large, the zero voltage vectors are chosen instead. The zero voltage error is forced to
be reduced first and reaches a small value, e.g. 0.289. Then, medium voltage
vectors are activated. According to the above logic, Table 3.17 is defined for
medium required voltage. Referring to above section, the Sign Cubical Hysteresis
Control Strategy can reduce the error in one direction but it can increase or dedicate
the error in another direction. There is no perfectly matched vector in all a, § and 0
frames in Sign Cubical Hysteresis Control. However, in this proposed strategy, the
error can be reduced in one direction but it cannot inject the error in another.

Case 4: Large Polar Voltage, v,

When v, > 1.524, large voltage and small voltage vectors are chosen to
approximate the reference voltage vector. Large voltage vectors are preferred since

Table 3.16 Smal v,—small vectors

lv,| € {0.408, 1.115} V>0 vo<0

0 € {330°,30°} Vo, =[1 0 0] Von=[0 —1 —1]
0 € {30°,90°} Vop=1[1 1 0] Voo =[0 0 —1]
0 € {90°,150°} Vo =10 1 0] Von=[-1 0 —1]
0 € {150°,210°} Vo =[0 1 1] Voww=[-1 0 0]
0 € {210°,270°} Vos, =[0 0 1] Vosn =[—1 =1 (]
0 € {270°,330°} Vo, =[1 0 1] Voen = [0 —1 0]
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Table 3.17 Medium v,—medium and zero vectors

v, € {1.115, 1.524} |vy<—0.289 —0.289 < v <0.289 | vy > 0.289

0 € {0°,60°} Von=[-1 —1 —1] [Vip=[1 0 —1] |Veg,=[1 1 1]
0 € {60°,120°} Vom=[-1 =1 —1] [Va=[0 1 —1] |V =[1 1 1]
0 € {120°,180°} Vom=[—-1 —1 —1] [Vsg=[-1 1 0] |Vop=[1 1 1]
0 € {180°,240°} Vom=[-1 =1 —1] |Vis=[-1 0 1] |V =[1 1 1]
0 € {240°,300°} Voou=[-1 —1 —1] [Vss=[0 —1 1] |Vog,=[1 1 1]
0 € {300°,360°} Vom=[-1 =1 —1] |[Vag=[1 =1 0] |Vap=[1 1 1]

they have better compensation capability. However, there are limited numbers of
large vectors that can be supplied in a three-level VSI. Small voltage vectors are
chosen instead when the polar angle and zero-axis voltage locates in certain range.
As a result, the nearest polar voltage vector is chosen in a three-level VSI case
according to the reference voltage vector. The switching table is designed and is
given in Table 3.18

From the above discussion, the polar voltage v,, polar angle 0,, and zero voltage
vo are the parameters to design the activated vector. Those three parameters are
dedicated to represent a 3D vector in cylindrical coordinate. As there are limited
number of supplied voltage vectors by a three-level VSI, the nearest polar vector is
chosen according to the polar voltage amplitude, polar angle and zero voltage value
of the reference voltage vector. The block diagram for the 3D cylindrical coordinate
PWM is shown in Fig. 3.38

3.3.4.3 Simulation Results

The simulation is performed by MATLAB/SIMULINK as the power quality
compensator with a fixed switching frequency. A simulation test is performed by
applying cylindrical coordinate control of a 3-D pulse width modulation in a
three-phase four-wire active power filter, in which a three-level VSI is used.
Figure 3.39 shows the nonlinear load current before the compensation. The current
unbalance, harmonic and neutral currents needed to be compensated. Figure 3.40

Table 3.18 Large v,—large v,| > 1.524 Vo >0

vy <0
and small vectors

0€{330°30°} Vo, =[1 0 0] |[Vi=[1 —1 —1]
0 € {30°,90°} Vo=[1 1 —1] |Vou=1[0 0 —1]

0€{90°,150°} | Vi, =[0 1 0] |[Vs=[-1 1 —1]
0€{150°,210°} |V, =[=1 1 1] |Vou=[-1 0 0
0 €{210°,270°} |Vps, =[0 0 1] |Vs=[-1 —1 1]

0€{270°,330°} |Vo=[1 -1 1] |Voe=[0 -1 0]
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Fig. 3.38 Control block diagram of the cylindrical coordinate PWM

Fig. 3.39 Load current before compensation

shows the source currents after compensation. It is obvious that the 3D cylindrical
coordinate PWM could control the APF to reduce the harmonic spectrum and to

compensate the reactive and unbalance currents with eliminating neutral current as
well.
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Fig. 3.40 Source current after compensation

3.3.4.4 Comparison of 3D Sign Cubical Hysteresis and Cylindrical
Coordinate PWM

The performance of 3D sign cubical hysteresis control and cylindrical coordinate
PWM are compared in this section. The performance indices are proposed in (3.58)
to (3.61) in order to compare the performance of the above two 3D PWM methods.
The indices J,,, Jg and J, are the average absolute error in the «, f and 0 frames of
one period. The index, J,p is the sum of all absolute mean error. The performance
is better when the value of the indices is smaller.

T
1
Ja :—/|Aiq|dt (3.58)
T
0
| T
Jp :?/ | Aig|dt (3.59)
0
1 T
Jo :?/|Alo|dl (360)
0
| T
Japo =?/ (|Aiy| + |Aig| + |Aig])dt (3.61)
0

Figures 3.41 and 3.42 show the waveforms of Ai,, Aig and Aiy by 20 kHz sign
cubical control and 10 kHz cylindrical coordinate PWM for compensation
respectively. Table 3.19 summarizes the values obtained by the simulation
according to the proposed performance indices and total harmonics distortion
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Fig. 3.41 Variation of
performance indices for the
20 kHz 3D sign cubical
hysteresis PWM

Fig. 3.42 Variation of Al
performance indices for the

10 kHz cylindrical coordinate 20 : : - -
PWM

(THD) of compensated current waveforms in phase a, b and c. Comparing the THD
values of the line currents, the performance of 10 kHz Cylindrical Coordinate
Control is better than that of the 20 kHz Sign Cubical by about 37 % in average. On
the other hand, there are respectively around 79.12 and 84.95 % improvement in
the value of J,z in the Sign Cubical Control and the Cylindrical Coordinate
Control. Checking the values of J,, Jg and Jy, the compensated improvement is
almost the same ina, f and 0 axes of the Sign Cubical. However, there is better
improvement in the zero-axis by the Cylindrical Coordinate Control Strategy.
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Table 3.19 Comparison of 3D PWM performance

Comparison of 3D PWM Without 3D sign cubical 3D cylindrical

performance compensation hysteresis coordinate
PWM 20 kHz PWM 10 kHz

THD of phase a current (%) 30.47 11.82 7.17

THD of phase b current (%) 32.22 10.40 5.72

THD of phase ¢ current (%) 41.47 8.49 6.26

Jy 15.59 3.06 225

Jy 12.13 3.09 3.39

Jo 18.67 3.50 1.34

Japo 46.39 9.69 6.98

3.3.5 Three-Dimensional Space Vector Modulation

The basic Three-Dimensional Space Vector Modulation (3DSVM) for a two-level
inverter is given in Section A and then the corresponding generalized SVM for a
three-level inverter is discussed in Section B.

3.3.5.1 Basic 3D Two-Level Space Vector Modulation

The Space Vector Modulation is based on the volt-second approximation. However,
in the 3DSVM of a two-level three-leg centre-split VSI, all the eight vectors con-
tribute to the zero-sequence compensation, which is different from the conventional
2DSVM. In 3DSVM [27], the volt-second reference can be approximated by a
sequence of volt-second states as given in (3.62) and (3.63).

Vi Ts = Vit + Vot, + Voto + Veerolzoro (3.62)
Lero = Ts — 1, — ty — b (363)

The vectors, Vi, \7y and Vj, are chosen as they are the neighboring vectors of
reference vector on a-f plane. The neighboring vectors on the apex of the hexagon,
as shown in Fig. 3.30, have the property that when the output of the inverter
changes from one vector to another neighboring one, only the switching state of one
leg needs to be changed accordingly. Based on this property, the optimum
switching sequence scheme can be implemented and the output harmonics of the
inverter can be reduced. However, the vectors, Vx and \7y, contribute to zero
sequence component as well as the a-f plane compensation to the reference vector.
The vector V; contributes to the zero sequence compensation only and can be
chosen according to the required zero-axis or the neutral current compensating
component. The product of Vzemtzm, should be equal to zero in the sense that 7, is
the redundant time in one compensation period. In the case of over-modulation, .,
is equal to zero.
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Actually, the reference vector V,.ef can be described in three-dimensional aspect
as shown in Fig. 3.43:

Vyer = Vit + Vg + Voitg (3.64)

The formula for calculating the switching time t,, , and 7, can be expressed in a
general form (3.65). The matrix [Ag] can be expressed in six forms according to the
sector location of reference vector Vref. After the sector location of V,ef is detected
in Fig. 3.30, the corresponding section location value “g” can be determined.

[Vieer] = m[Ag] [10]
¢ =LILIIL IV, Vor VL.

1 cos60° 0 cos60° —cos60° 0 — cos 60° -1 0
A= 0 sin60° 0 [Ay = [ cos30° cos30° O [Ay = | cos30° 0 0
—C cosk Ccosk C Ccosk —Ccosk C —Ccosk Ccosk C
—1 —cos60° 0 —cos60° cos60° 0 cos 60° 1 0
Ay = 0 —cos30° 0 [Ay = | —co0s30° —cos30° O |Ay = | —cos30° 0 0
Ccosk —Ccosk C —Ccosk Ccosk C Ccosk —Ccosk C
(3.65)
2:4/3Vae

where m =

T C=sand k =70.54°.

In a conventional two-dimensional pulse width modulation technique, among
the eight available voltage vectors, there are 6 directional vectors and 2 zero vec-
tors, ‘7,,,, and ‘70”. Since no injecting action is performed by choosing ‘70,, or 170,1,
either of these two zero vectors can be substituted as a net zero vector, ‘7261‘0 =0.
And sometimes both of the two vectors are chosen according to the requirement of
the sequence scheme. However, in 3D two-level center-split VSI system, there are 8
directional vectors corresponding to 8 available vectors. When referred to Fig. 3.29,

Fig. 3.43 The decomposition i,
of reference voltage vector in
3D .
Voo
N
rU_/‘TS
¢ Voot
— V¢ -
Vmﬁ A = s n 5
Vltye - A 208
7 Vit ]
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those vectors, Vop and \70", are not zero. In 3DPWM, these two vectors are dedi-
cated as the zero-axis voltage components in the positive or negative direction and
they are used to compensate neutral current in a three-phase four-wire system. The
issue of Vzemtzem can be solved by the exercise of the same amount of switching
times, f#,, = fo,, so that the approximated procedure for Vzeortzem =0 can be
obtained as:

Voptap + ‘70”[0}’! ~ Vzerotzero ~ O (366)

Furthermore, according to the compensation requirement, \70,1 is activated for
negative zero-current injection into the neutral wire and \70,, is activated for positive
zero-current injection so that #,, # f,, may occur for the neutral current compen-
sation. In general, Eq. (3.62) should be replaced by (3.67).

VrefTs = thx + Vvty + Vonton + Voptop (367)

The switching times are calculated under two conditions: Under Modulation and
Over-Modulation.

Case 1: Under Modulation

After t,, t,, and #, are obtained from Eq. (3.65), fy, and #,, in Eq. (3.67) can be
decided accordingly. The consideration of Vze,.,, -ero 18 taken as an actual null, i.e.,
there must be null output in all axes.

Positive Zero Vector is required in:

— Lero
{top —t0+ 2 (368)

— Lero

[Uﬂ - 2

Whereas, negative Zero Vector is required in:

fop =" 3.69
{m i (369

Case 2: Over-modulation

In the case of over-modulation, the switching times #,,#, and ¢, are simply
computed from the original voltage vector and then modified according to the
geometrical relationship assuming that ., = 0.

R ) (3.70)
L+t + 1

Iy
{=—>2 T, (3.71)
Yo+ +1
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Positive Zero Vector is required in:

Ton = lzero = 0

_ _ 1
{ t(/) =lop = t.t-HS-Ho T (3.72)
While negative Zero Vector is required in:

!/ _ Iy
{IO = lon = i in (3.73)
Top = lzero = 0

The control scheme of 3DSVM for a shunt power quality compensator is shown
in Fig. 3.44. The determination of the instantaneous reference current for com-
pensation is discussed by the Generalized Instantaneous Reactive Power Theory
[14] for a three-phase four-wire system.

A simulation is performed. Figure 3.45 shows the nonlinear load current before
the compensation. The current unbalance, harmonic and neutral currents needed to
be compensated. Figure 3.46 shows the source currents after compensation. It is
obvious that the 3DSVM could control the APF to reduce the harmonic spectrum
and compensate the reactive and unbalance currents with eliminating neutral current
as well. The switching frequency is 5 kHz. Table 3.20 shows the performance
comparison between the Cylindrical Coordinate PWM and the SVM. The results
show that the 3DSVM has better performance at the same switching frequency.

AC Source

. iL
Vs lxl »
@—’"" YN Load
Tic

Sampling
Circuits

| Calculate LPF O Current
I

Calculation

Calculate
Tx,Ty,TO

Select
Swithching
Patterns

Fig. 3.44 Control scheme of 3DSVM
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[Amp]
Fig. 3.46 Source current after compensation
Table 3.20 Comparison of cylindrical PWM and SVM performance
Comparison of 3D PWM Without 3D cylindrical coordinate 3D SVM
performance compensation PWM 5 kHz 5 kHz
THD of phase a current (%) 30.47 10.42 6.38
THD of phase b current (%) 32.22 10.01 6.05
THD of phase ¢ current (%) 41.47 6.67 6.89
Jo 15.59 2.64 1.84
Jg 12.13 5.58 3.05
Jo 18.67 2.81 2.39
Jopo 46.39 9.03 7.28

3.3.5.2 Generalized Three-Level SVM

A 3DSVM is proposed for a three-level three-leg NPC inverter [9]. When the
three-level three-leg VSI is applied to a three-phase four-wire system, the neutral
wire is connected to the mid-point of the dc bus. In the following, all the voltage
vectors are represented in per unit, i.e., normalized by v,y = v4r = v4/2 = E, so
that the output voltage of each leg has the same value as the switching function S;.
The dc voltage unbalance between the upper and lower capacitor of the three-leg
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center-split VSI is not considered here, but the dc upper and lower voltage
unbalance and its control are discussed in Sect. 3.3.6. The output voltage of each
phase can be expressed as:

vy = S, x =a,b,c (3.74)

A. Decomposition of Reference Voltage Vector

The normalization facilitates the following steps in the 3DSVM. The given refer-
ence voltage v, is usually the phase-to-neutral voltage, and the reference voltage
vector V. is also normalized by E. A dc offset of half of the dc bus voltage is added
to the reference voltages, and the normalized reference voltage vector Vs is given
in (3.75).

Vrefa/E
Ve = | Vee/E | +E (3.75)
VrefC/E

In this proposed 3D SVM, the desired output voltage vector V., is decomposed
to two components as expressed in (3.76) and (3.77):

17‘ref = Vqﬁcset + erol (376)
Vrefa Voffset(a) Viowl(a)
Vrefp | = | Voffser(b) | + | Viowi(b) (3 77)
Vrefc Voffset(c) Viowl(c)

The offset component V., of the reference voltage is defined as:

Voffer(a) It (Viega)
Vofser = | Voier(v) | = | Int(vyepp) (3.78)
Voffset(c) Int(vrefc)

Function Int( ) removes fractional part of the real input data. Consequently, the
two-level component V,,,; of the reference voltage is the fractional part.

Viwol(a)
Viwol = ‘_;ref - ‘_;oﬁ‘set = | Viwol(b) (379)
Viwol(c)

where 0 <V,,;) <1 (=a,b,c).
If (Vogser(ap Vofser(py Vofserc)) 18 €qual to (S, S, Se), the reference voltage vector
must be located inside a two-level space vector allocation formed by (S, S;, S.),

(Sa+1, Sb; Sc)a (Sa» Sb+1, Sc)s (Sw Sb’ Sc+1), (Sa+1; Sb+1) Sc)s (Sa+1) Sb» Sc+1)’ (Sw Sb+1>
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Fig. 3.47 Space vector A
allocation of two-level vectors 0
in the a-B-0 coordinates (S, +1L,S,+1,5,+1)

(S, +1S,+LS,)
(S,,S, +1,S. +1)

a

(S, +1,8,. S\ DK | Vg
\%
(S“,Sh+ Y towl ﬂ

(S,.5;,8.+1) (S, +1S,.5,)
(Sa’Sh’Su)
Vofiser 0

Scer) and (Sais Spes, Sesr)- The two-level space vector allocation in the a-f-0
coordinates is shown in Fig. 3.47 and its projection on the a-f plane is shown in
Fig. 3.48. It can be seen from Fig. 3.47 that the vectors (Su.7, Sp, Se), (So Spas, Se)
and (S,, Sy, Sc4) are located on the same horizontal plane, while the vectors (S, ;,
Spets S&)s Saxn, Spy Serp) and (S, Spe1, Seez) are located on the other horizontal
plane.

The decomposition of the reference voltage vector is also illustrated in Figs. 3.47
and 3.48. The 3D parameters of the two-level reference voltage vectors can be
expressed as (3.80) according to the a-f-0 transformation.

Viwolo D) 1 _1/2 1/2 Viwol(a)
Vawolp | = \/g 0 V3/2 —V3/2| | i) (3.80)
Viwol0 1/\/i 1/\/E 1/\/E Viwol(c)

Fig. 3.48 Projection of space A ,8
vector allocation of two-level
vectors on the a-f plane (Sw Spt1, SC? (Satl, Syt So)
' I /
o/
\\ V,ef ,/ 5
1T - Viwol
5o S ND i e 8050 St s, sy O
(S, Sy, St
v 7 N VI
(Se Spy Se+1) (Sa+1, Sp, Se+1)
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B. Synthesize Reference Voltage Vector

In the 3D SVM, the reference voltage vector is synthesized by four neighboring
vectors.

Vref T = VT +VTr + VT3 + V4 Ty (381)

If the dwell time of each vector is normalized by the PWM control period T, the
following results can be obtained:

V,ef = Vit + Wty + V383 + Valy (3.82)

and hH+h+Hm+H4 =1

The neighboring vector V) is the offset voltage vector determined by (3.78),
which locates at the center point of the eight vectors on the a-f plane. ¥, and V; are
chosen as the neighboring vectors of the reference voltage vector on the a-f plane.
It can be seen from Fig. 3.48 that the vectors (S, Sy, S.) and (Siy75 Spizs Seir)
overlap on the a-f plane. The zero-sequence compensation is achieved by
introducing the fourth vector in reference voltage approximation, and vy is always
(Sa+]r Sb+1y Sc+l)-

There are six sections as the neighboring vectors of the reference voltage vector
are different. The switching sequences for each section are listed in Table 3.21. The
dwell time of each vector is calculated and listed in Table 3.21 as well. The
symmetrically aligned scheme is chosen, because it gives the lowest output voltage
distortion and current ripples. The switching sequence of the generalized 3DSVM is
V| — ¥, — V3 — ¥y in the first half period and in reverse turn v, — V3 — V¥, — ¥
for the next half period. Figure 3.49 illustrates the output modulation signals which
correspond to the sequence in Section I in Table 3.21. The boundary conditions of
each section in Fig. 3.48 are also given in Table 3.21 and the flow chart of
determining the sections is illustrated in Fig. 3.50.

The flow chart of the 3DSVM is shown in Fig. 3.51, which can be applied to
three-leg center-split VSIs of different levels without modification. Moreover, the
computational cost is always the same. Therefore, the generalized 3DSVM is given
above for multi-level three-leg center-split VSI [28].

C. Simulation Results

The system configuration in Fig. 3.27 is used to verify the validity of this gener-
alized 3DSVM. The load currents and the source currents after compensation are
shown in Figs. 3.52 and 3.53 respectively. The THD of the source currents reduce
from 41.7 to 5.4 %. The sampling frequency is 5 kHz.
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Table 3.21 Boundary conditions, neighboring vectors and dwell times in the a-f-0 coordinates

Section | Boundary conditions Neighboring vectors Dwell times
1 Viwol > 0 Vi = (SH,S;,,S ) h=1l—-t—-t—1
Viwolx > 0 V= (Sa+ 1,55, 5c) tr = (V/3/2) Vot — 0.583
Vawolp — V/3Viwor <O 23 (Sa+ 1,85 +1,5c) 5= V2Voip
Vg = (S, +1Sb+lS+l) l4:erozo/\/§—lz/3—2t3/3
II Viwol >0 \71 (Sa,Sb, ) Hh = 1-— Ih—13 — 1y
|V1on/3| —\BViwors| >0 | V2= (S Sp +1,5c) =1t — V6V
Vs = (Sa+1, Sb+1 Se) 15 = V3 uoi + /1200
Vy=(Sa+1,8+1,S.+1) l4:erozo/\/_*lz/3*2t3/3
111 Viwol > 0 Vi = (Sa,S;,, ) h=1-t—-t—1
Viwolz <0 W, = (Sm Sp+1,8, ) th = \/EV,W(,I/;
Vaot — \/ 3Vouots <O V3 = (SaSp+ 1,8 + 1) 13 = (—V/3/2) Vot +0.5 12
Va=(S,+1,8+1,S.+1) 14:erozo/\/§—lz/3—2!3/3
v Viwol <0 \71 = (Sa,Sb,SC) Hh = 1-— Ihh—13 — 14
Viwolx <0 V2 = (S(/h SpySe + 1) h = 7\/5\1,“,01/3
Viwolp = V3ot >0 | V3= (S, S+ 1,5+ 1) 1y = (—V3/2) Voot — 0.5 1
V= (Sa+1,8+1,S.+1) t4:V:wolo/\/§*fz/3*2t3/3
\% Viwolf <0 \71 = (Sa,Sb,SL) h=1-t—-t6—1u
|eral/3| — V3ot >0 | V2= (Sa;Sp,Sc +1) =1t — V6V
‘23 (Sa+ 1,8, S + 1) 5= V3/ 2otz — \/1/2Vmoip
Vo= (S,+1,8+1,S.+1 ) l4:V,w010/\/§—12/3—213/3
VI Viwolf <0 \71 (Sa, Sb7SC) = 1-— Ihh—13 —1ly
Viwotu > 0 V2 = (Sa+1,55,Sc) 6= (V3/2)Vhotz — 0.5 - 12
Vawolp + V3Viworz > 0 ‘33 (Sa+1,85, S + 1) = —V2Vmoip
Vi = (Sa +le+lS+l) t4*VtonO/f 13— 213

Fig. 3.49 PWM output for
one period

AVinva -
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»
Sl e @z o e 1 time/ 15
Vinvb b
Sb +1
S, >
1 Time/Ts
Vinve c |
S.+1
S >
< 1 | Time/Ts
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Temp1i=abs(Vbeta)
-1.732*abs(Valpha)

Section Section
] v

Section Section Section Section
| ]} Vi \'

Fig. 3.50 Determination of the sections

y  3DSVM
offset
e Determine
1% ref Decompose V1,V2,V3,Vs ]
»  Reference Generate » Trigger
Voltage vector PWM g Signals
Pulses
‘_}’ Calculate dwell S
wol time 11,12,13,14

Fig. 3.51 Flow chart of the 3DSVM

3.3.6 DC Linked Voltage Variation Control

3.3.6.1 Analysis of DC Voltage Variation

In the three-leg center-split VSI structure as shown in Fig. 3.54, the ac neutral wire
is connected directly to the mid-point of the two dc linked capacitors. The current of
each phase i., (X = a, b, c) is forced to flow through either upper capacitor, C;, or
lower capacitor, C,, of the dc bus. Thus the relationship between dc voltage vari-
ation and three-phase current can be expressed as Eq. (3.83), where the positive
direction of injecting current is as shown in Fig. 3.54 and C4. = C; = C,. The result
in this section can be applied into multi-level neutral point clamped inverters.
For simplicity, the dc voltage variation caused by one leg of the center-split VSI
is considered as Eq. (3.84). A difference in direction of current through the upper or
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Fig. 3.52 Load currents
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Fig. 3.53 Source current after compensation by 5 kHz three-level 3DSVM

lower capacitor causes dc voltage variation. The relationship between rising or
falling current of one leg and dc voltage variation is explained with respect to

Fig. 3.55. The dc voltage variations in the dc linked capacitors are summarized in

Table 3.22
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Tabl.e.3.22 DC var%ation i >0 and %= <0 Increase the voltage in C;
conditions for capacitor dt :
voltage ix <0 and d[;;x <0 Decrease the voltage in C;
i >0 and d;; >0 Decrease the voltage in C,
iy <0 and d(;;x <0 Increase the voltage in C,
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dVye dVy. . . .
CZU+CdC dL: a'lca+Sb'lcb+Sc'lCC (383)

Cac
d dt

x=a,b,c 3.84
d‘;%:%livx when S, = —1 ( )

{d‘;% = %ﬁ_ia when Sy =1

In the following analysis, S, is defined as the switching function where the effect

of dc voltage variation is not considered. And SV is the new switching function

where the dc voltage variation is considered. When V. # Vyp is employed, E can

be redefined as E = (Ve + Vaer) /2. Therefore, the corresponding new switching
function is described as:

N Vau/E  upperlegison
Sy = ; x=a,b,c (3.85)
—Va/JE  lowerison
And
Vaew — __WVaew — Vaew +Vaer +Vaeu=Vaer, — 1 4 Vaew—Vaer
SN — E Viev + VL Vaev + Vaer Vaev + Vaer (3 86)
X Vi — __ 2Vaa —(Vaev 4 Vaer) + Vacv —Vaer =1+ Viev—Vaer :
E Vacu + Vacr Vicu + Vaer Vacu + Vacr

If AS = (Vaev — Vaer)/(2E) is substituted to Eq. (3.86), it can be simplified as:

sV = { jl++A§S x=a,b,c (3.87)

Comparing Eq. (3.87) with conventional switching function, the relation
between the new switching function and the original one can be expressed as:

SV =S, +AS (3.88)

Hence, the output voltage of the inverter can be recalculated by these new SV, S¥

and SY. The instantaneous voltage vector V¥ in 3D, o-f-0 coordinate, can be
expressed as:

el P oo 1 L1 .
W= l\/sy-mﬁsf,y.nﬁﬁsg.no (3.89)
where
sV gy Loy Lo (3.90)
o a 2 b 2"e

Sy =8y — sV (3.91)
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Sy = SN + 58y + SV (3.92)

Substituting the new switching function, (3.88), into (3.90), (3.91) and (3.92),

sV =s, (3.93)
SY = Sg (3.94)
Sy = So+3AS (3.95)

As a result, only zero-frame reference of the original 3D vector’s allocation is
changed under the dc voltage variation situation. And only the compensation
performance of the zero-frame is affected accordingly. However, when the output
voltage is reversely transformed to a-b-c frame, current compensation in each phase
will be affected. Therefore the issues of dc voltage variation must be controlled in
practical applications. Hereinafter, the dc voltage variation control strategy [27] is
given.

3.3.6.2 DC Voltage Variation Control Strategy

In the space vector’s allocation which is shown in Fig. 3.29, there are two
switching patterns for the zero voltage vectors: one positive 1701, and one negative
V,n. The a and the p axes components of Vop and V,, are equal to zero. According

to the results obtained in last part, the dc voltage variation affects only the
zero-frame reference. Hence, dc voltage variation is controlled by varying the

switching times of ‘7',,,, and ‘70”.
Figure 3.56 shows the current direction when the vector Vop or ‘70,1 is chosen. It
is obvious that the inverter’s current only passes through one of the dc capacitor

when the voltage vector is Vop or ‘70,,. When the output vector of the inverter is ‘70 s
which corresponds to the switching pattern (1, 1, 1), the upper capacitor C; is

(a) (b)
: .

. —> +
. C ::Tlch . G —— .
Len - — Len - ‘lc

— | _ e |

+ +| 4. . m—

(CR ( ( / G ::TldCL «

Fig. 3.56 Phase current under zero switching pattern: a Switching pattern (1, 1, 1) and
b switching pattern (=1, —1, —1)
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discharged. Reversely, if the output vector is Vs corresponding to the switching
pattern (—1, —1, —1), the lower capacitor C; is discharged. Therefore Vop and ‘70,,
can change the dc voltage imbalance in opposite direction.

In the above-mentioned 3DSVM control technique, Vop and 17(,,1 share the same
dwell time 7,,,,/2 to approximate for V., - t,.ro = 0. Hence, if the dwell time of \70,,
and \7,,n are varied, the output of V,,,, - f,.;, can not be equal to zero. However, since
the a and the 8 axis components of \70,, and V,,, are all zeros, the Viero * tzero ONly has
a zero sequence output. In the proposed dc variation control strategy, a new vari-
able, €(0 < € < 1), is introduced to vary the dwell time of \70p and \70,,, i.e., the

dwell time of 170,, is assigned to be (1 + €),.,/2, and thereby the dwell time of Vou
automatically takes (1 — &)f,,/2. A different & value corresponds to a different
Viero - Lzero OUtput, which is employed to balance the neutral point voltage. This
method is often used to balance the dc voltage of the three-level
neutral-point-clamped inverter.

Furthermore the larger the value of ¢, the higher is the dc control ability. So it is
reasonable to consider choosing € as ‘1’ or ‘—1’ to maximize the ability of dc
voltage variation control in the time range of t,.,, The relation of dc voltage
variation and ¢ values are listed in Table 3.23, where k is the proportional coeffi-
cient with 0 <k <1 and V. is the reference dc voltage. The ‘deltav’ can be
calculated by the expression described in Eq. (3.96). However, there is a symbol “*’
which means “cannot be defined” in Table 3.23 when the “deltav” exceeds the
maximum dc variation limitation V,,,,. If the detected dc voltage imbalance is too
large, it will affect the stability of the system. In that case, the control strategy in
Table 3.24 can be considered, in which the whole period of sampling time T is
employed to control the dc voltage variation.

deltav = abs(vqey) — abs(vgeL) (3.96)

Table 3.23 Relation of dc voltage and ¢

Cases Condition e

Serious dc voltage imbalance abe(deltav) > Viax *

Largest lower voltage imbalance —Vinax <deltav< — k - Vg, -1

Larger lower voltage imbalance —k - Vi <deltav<0 deltav/(kV,.)
Larger upper voltage imbalance 0<deltav<k - Vy. deltav/(kV )
Largest upper voltage imbalance k - Ve <deltav < Vimax +1

Table 3.24 Time

distribution under severe dc

imbalance case deltav > Vipax Ts 0
deltav < —Viax 0 T

Condition Dwell time of V5, | Dwell time of Vp,
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3.3.6.3 Simulation Results

In this part, simulation is performed by Matlab/Simulink. The system configuration
is shown in Fig. 3.54. The 3DSVM control strategy is implemented with 2.5 kHz
switching frequency. The three-phase and the neutral currents at the load side are
shown in Fig. 3.57. When the proposed 3DSVM without controlling the dc voltage
variation is applied, the harmonic and neutral currents are compensated simulta-
neously as shown in Fig. 3.58. Particular loads are chosen in this simulation, for
which the system neutral current is always positive without compensation. Thus
there is higher possibility of neutral current to pass through one side of the
inverter’s dc bus, e.g. the upper capacitor. As a result, the voltage of one capacitor
continues to increase while the voltage of the other one continues to decrease. Large
dc voltage unbalance occurs under this situation, which is shown in Fig. 3.59.
Figures 3.60 and 3.61 show the compensation results when the 3DSVM with dc
voltage variation control is implemented. The control strategy mentioned in
Tables 3.23 and 3.24 are employed to control the dc voltage variation. The
capacitor voltage variation after being controlled is shown in Fig. 3.60. In the
simulation, following parameters are used: system ac voltage RMS value = 70 V,
capacitor dc voltage V,;. = 100 V, k = 10 %, V,,. = 15 V. In Fig. 3.60, there are
obviously three periods of capacitor voltage variation which correspond to the three
steps of the control strategies mentioned in Tables 3.23 and 3.24. Figure 3.61 is the
source current compensation result where the dc voltage imbalance is controlled
simultaneously. However, compared to Fig. 3.58, the currents after compensation

Current A

-5
0 0.01
5 T

0.02 0.03 0.04

0.06 0.07 0.08 0.09 0.1

; R N
50 0.01 0.02 003 0.04 005 0.06 0.07 0.08 0.09 O0.1
0.02 0.04 0.06 0.07

0.08 0.09 0.1

Fig. 3.57 Load current
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Current A

time sec

Fig. 3.58 Source current after compensation by using 2.5 kHz 3DSVM
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95

0 001 002 003 004 005 006 007 008 009 0.1
time sec

Fig. 3.59 dc voltage without being controlled

are influenced. It is mainly due to the fact that when the dc voltage variation is
larger than the maximum limitation V,,,,,, the switching time is dedicated to control
the dc imbalance instead of the power quality compensation according to the
control strategy in Table 3.24.
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Fig. 3.60 DC Voltage after being controlled

Current A

0.03 0.04 0.05

0.02

0.09 0.1

0.08

time sec

10
0 -
-10

-10

Fig. 3.61 Source current after d.c. voltage variation control is added

In simulation, the extreme case is chosen in order to explain the dc voltage
variation control strategy more clearly. All the control strategy mentioned in
Tables 3.23 and 3.24 are tested. Since the triple harmonic components dominates
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the waveform of the neutral current in distribution site from statistical results, the
strategy mentioned in Table 3.23 is enough for the dc voltage variation control in
most practical applications. In addition, the situation discussed in Table 3.24 can
also be avoided by increasing the size of the dc capacitor so that better power
quality compensating performance is obtained.

3.4 Three-Phase Four-Wire Multi-Level VSIs

In high power applications, multi-level topologies can be considered as one of the
solutions. Multi-level topologies have the following advantages: reduced harmonic
content of output waveform and reduced voltage stress across switching compo-
nents. In this section, it is dedicated for the discussion of choosing a suitable circuit
topology among the three-phase converters for high power applications in the
three-phase four-wire systems. For simplicity, only the three-level systems are
chosen as an example for discussion, but the analyzed results can be applied in
other higher-level applications.

Figure 3.62 shows a three-level three-leg VSI topology in a three-phase
three-wire system, it is obvious that it cannot supply zero voltage and neutral
current so that this topology is not considered in a three-phase four-wire applica-
tion. Basically, a three-leg center-split VSI topology in a three-level case can be
considered with a neutral wire connection with “O” and “n” nodes as shown in
Fig. 3.63. When a neutral wire of a three-phase four-wire system is connected with
the mid-point of dc capacitors in a three-level NPC inverter, it turns into a

Fig. 3.62 A three-level P
three-leg VSI Topology
—_ Vo S1aKS1b smK
Soa a —
Sob b —z
n Soc c — 7 0
—= Veo S2a\ San\ Szc
- 1
N
Fig. 3.63 A three-level P
three-leg center-split VSI +
topology - Ve, S1aKS 1bK S 10&
Soa a —Z
n Sov b —Z 0
Soc c —Z
=+ Soa\ San\_Szc

T Vch ‘ ‘ ‘
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three-phase four-wire system. Without neutral wire connection, a three-level NPC
inverter is operated in a three-phase three-wire case. In short, it means that the same
three-level topology can be employed for three-phase three-wire and four-wire
systems in multi-level converter applications.

Furthermore, a three-level four-leg VSI topology is under consideration, as
shown in Fig. 3.64. In Fig. 3.64, when S, is turned off, it does not affect the
operation of the neutral current. When Syr = om, it has two parallel neutral current
paths, which can be considered as one path connecting between “f” and “n” nodes.
As a result, the circuit turns into a three-level three-leg center-split VSI with an
additional leg as shown in Fig. 3.65. Both circuit topologies as shown in Figs. 3.64
and 3.65 can provide neutral current control ability. Although the multi-level
four-leg topology can give more degree of freedom in selection of available
switching states, it is not worth to have it in a practical system due to the higher
initial cost with an additional leg in the view point of the neutral current control and
compensation. In addition, the control of the upper-leg and the lower-leg dc
capacitor voltages is necessary in both three-level three-leg center-split and
three-level four-leg topologies. Based on the results in Chap. 2, the three-leg
center-split and the four-leg topologies provide the same aff voltage capacity. Due
to the considerations of the initial cost and the same aff voltage capacity, the
three-leg center-split topology is seen as the most convenient structure for the
development of the three-phase four-wire multi-level VSIs in high power
applications.

P
S
Vdcu - S1a S1b S1c Sﬁ S
Soa a — 7 £ of
S b z 0
n 0b
o G 1
Va e S2a\ Sap\ Szc Sor
T 1] |
N
Fig. 3.64 A three-level four-leg VSI topology with Sy turned off
P
I
Ve, __ S1a\ S1o\ S1c Sis
SOa a — 7
n SOb b - Y4 0 f
SoC c 4
+
Vde, ™ SZa‘ Szb‘ Szc‘ Sat
N

Fig. 3.65 A three-level four-leg VSI topology with S turned on
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3.5 Generalized PWM for Multi-Level Three-Leg
Center-Split and Four-Leg VSIs

3.5.1 Generalized 3D Direct PWM

The generalized 3D direct PWM [20, 29] is based on the volt-second approximation
as the conventional space vector modulation. It can be used to control the three-leg
center-split VSIs and the four-leg VSIs from the two-level to the multi-level
topologies [30, 31], as illustrated in Fig. 3.66. The generalized 3D direct PWM
implements the voltage synthesis in per-leg mode. The pulse width of each phase is
directly determined to track given voltage references.

In order to deduce the 3D direct PWM, an equivalent model for an N-level
three-leg center-split VSI is introduced in Fig. 3.67.

The output voltage of each inverter leg is expressed as:

Vex=E-S; x=ua,b,c (3.97)
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Fig. 3.66 Generalized 3D Direct PWM



126 3 Active Power Filters
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where E is the voltage of one level, and Sx is the switching function. For an N-level
inverter, the value of §; varies among 0 to N — 1, and the dc bus voltage equals
(N — 1)E. When the N-level three-leg inverters are applied to a three-phase
four-wire system, the neutral wire is connected to the mid-point of the dc bus.
Hence, the voltage vg in reference to the virtual ground in Fig. 3.67 is expressed as:

V, =E(N—1)/2 (3.98)

All the voltages are expressed per unit, i.e., normalized by E, so that the output
voltage of each leg has the same value as the switching function S;.

Vinyj = S] .] =a, ba c (399)
and
Vinvg = (N — 1)/2 (3.100)

The flow chart of the generalized 3D direct PWM is shown in Fig. 3.68. The
shifting voltage must be used to determine the reference of each leg when four-leg
inverters are controlled. A mode signal for indicating the inverter topology is
needed when the shifting voltage is used, as illustrated in Fig. 3.68.
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Fig. 3.68 Flow chart of the generalized 3D direct PWM

The detailed procedures for implementing the 3D direct PWM are provided
hereinafter.

(1) The input reference voltages are first normalized by voltage of one level.

Vrefa / E
‘_;reﬁc = Vmﬂ,/E (3101)
Vi /E

(2) The reference voltage of each leg is then calculated.
vjefx = Ve +Veip X =a,b,c, 8 (3.102)

The shifting voltage is defined as:
) 0 3—leg centre—split VSI
Vshift = { —(Vmax + Vmin)/2  Otherwise (3.103)

where v, is defined as the maximum voltage among V,es, Vrems Vrefe aNd Vyope,
Vimin 18 the minimum voltage among g Vyes, Vrefis Vrefe AN Vyopp, and v,.r, always
equals to zero.

(3) The switching states of each leg are determined by

N-—-1
S, = Int (v* + T) x=a,b,c, g (3.104)

refx

The function Int removes all the fractional part from the input value.
According to (3.104), the reference voltage is a value between S, and S, ;. As
a result, the output voltage of this leg is synthesized by two switching states,
S, and S, ;, in one switching period.

(4) The dwell time of each switching state is then calculated as given in (3.105). The
fractional part is just the normalized pulse width, i.e., the dwell time of S, ;.
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Fig. 3.69 Switching interval

t,
of one inverter leg S 41 -«
S o
o 1 Time/Ts
0
N-—-1
tunx:vjefx+T_Sx x:a,b,c,g (3105)

(5) According to the switching states and dwell times, the switching patterns are

determined and the final trigger signals of each switch of one inverter leg are
generated, as shown in Fig. 3.69.
Simulations are implemented by Matlab/Simulink. The simulation system
configuration is shown in Fig. 3.70. The output voltages of the VSI passed
through an output filter and are applied to three-phase balanced loads. The
filter is designed to smooth the pulses and recover the average analog wave-
forms. The 3D direct PWM is applied in order to control the three-phase
four-wire VSIs to track reference voltages.

The reference voltages are selected to illustrate that both pure sinusoidal and
harmonic-injection phase-to-neutral reference voltages can be generated by using
the 3D direct PWM. A two-level center-split VSI, a three-level center-split VSI, a
five-level center-split VSI, a two-level four-leg VSI and a three-level four-leg VSI
are controlled respectively. The reference and output voltages of each leg of the
corresponding VSIs are shown in Figs. 3.71, 3.72, 3.73, 3.74, 3.75.

The voltages after passing the filter and currents through the loads in a
three-level center-split VSI are shown in Fig. 3.76. Similar results were obtained in
the four other cases. The THD and RMS values of the output voltages after passing
the filter are provided in Table 3.25. The simulation results indicate that the 3D
direct PWM can control the three-leg center-split VSI and four-leg VSI from
two-level to multi-level topologies.

Output filter

a L. Va R,
Three-phase b AR Vb R,
Four-wire . "L Ve R;
VSI g S5mH
Trigger Signals ‘
Gl Gl Gl sep

3D Direct PWM

. References

Fig. 3.70 Simulation system configuration

TIT
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Fig. 3.71 Output voltage of a two-level three-leg center-split VSI
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Fig. 3.72 Output voltage of a three-level three-leg center-split VSI

3.5.2 Generalized FPGA-Based 3D PW Modulator

129

Based on the 3D direct PWM, a generalized Pulse Width (PW) modulator can be
developed by using a XILINX XC3S400 FPGA. The FPGA provides benefits, such as
high operating frequency, parallel processing capabilities and user definable I/O ports.
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Fig. 3.73 Output voltage of a five-level three-leg center-split VSI
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Fig. 3.74 Output voltage of a two-level four-leg VSI

The frequency of the external clock was 40 MHz, and 19 % slices of the FPGA were
used. The block diagram of the generalized PW modulator is shown in Fig. 3.77,
which consists of three modules.
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Fig. 3.76 Voltages across the loads and the currents passing through the loads
3.5.2.1 Data Buffer
The I/O port of the PW modulator consists of a 12-bit data bus and a 3-bit address

bus. The phase-to-neutral reference voltages are modified according to (3.106),
before being transferred to the FPGA in every sampling period.
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Table 3.25 Parameters of simulation results

THD (%) RMS (V)

A B C A B C
Reference voltages 100 1.0 1.0 48.08 60 40
Two-level center-split VSI 105 1.71 2.75 49.58 60.34 40.24
Three-level center-split VSI 105 1.13 1.70 49.53 60.3 40.18
Five-level center-split VSI 105 0.67 1.11 48.99 59.86 39.51
Two-level four-leg VSI 104.9 2.37 2.44 49.58 60.33 40.25
Three-level four-leg VSI 103.2 2.0 2.8 49.01 59.74 40.01

Direct PWM core v

Divide-by-n A
Data Buffer counter
A

D11-DO Reference Vref
Voltage Pulse J\ PWM *J\ Dead [
rig

Register Width ‘V Comparator Time PWM

Generator 7&57 controller | Signal
Control Mode bits

A2-A0 Register 12-bit

Counter

Clk > ~
l

reset

k Dead time control bits /

Fig. 3.77 Block diagram of the generalized pulse width modulator

Vrefa/E
Vrefc/E

where N is the level of the VSI and E is the dc voltage of one level. The
floating-point arithmetic becomes fixed-point arithmetic via (3.106).

The period of the digital counter is set to 1000 and its control clock period is
0.2 us, when the switching frequency is 5 kHz. The period of the control clock is
much shorter than the turn-off time of most power switches. For example, the
maximum turn-off time of the IGBT used in prototypes is 3 us. Hence, representing
the pulse widths by an unsigned integer is acceptable when the PW modulator is
designed. In addition, 10-bit A/D converters are used in prototypes. When a
five-level VSI is controlled, the reference signal sending to the FPGA is in the range
of 0-2000. Hence, 12-bit integer realization was selected for the design of the PW
modulator.

The data buffer also contains a 12-bit control register which needs to be ini-
tialized before the PW modulator is triggered to operate. The detailed description of



3.5 Generalized PWM for Multi-Level Three-Leg Center-Split ... 133

the control bits are provided hereinafter, in which Bit O represents the least sig-
nificant bit and Bit 11 is the most significant bit.

e Bit 0—1 Level: The level of the inverters to be controlled

Bit 1 Bit 0 Inverter Level N
0 0 2
0 1 3
1 0 4
1 1 5

e Bit 2-4 ICP: Input clock prescaler for the PWM core

000 Fr2 100 F/32
001 F/4 101 F/64
010 F/8 110 F/128
011 F/16 111 F/256

F = FPGA input clock frequency

Bit 5 Mode: The topology of the inverter

0 Three-leg center-split VSI
1 Four-leg VSI

Bit 6 Reset: Reset the PWM core

0 Reset entire PWM core(counter is set back to 0)
1 No effect

Bit 7 Handshaking

0 The reference data in registers are ready.

1 The reference data in registers are being modified.

Bit 8-10 ICPD: Input Clock Prescaler for the Dead-time (ICPD) controller.
Scaling table is the same as that for ICP.
Bit 11 Reserved
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3.5.2.2 Direct PWM Core

The direct PWM core contains a divide-by-n counter which scales the external input
clock to provide clock signals for comparators and 12-bit counters. The 12-bit
up-down counter is triggered by the rising-edge of the ‘Reset’ bit in the control
register. The counter first operates in up-counting mode, counting from 0 to 500.
The counter is then in down-counting mode until its output reaches 0. The final
PWM output frequency can be determined by:

f = F/r:/1000, (3.107)

where F is the frequency of the external clock and r. is the scaling ratio of the
divide-by-n counter which is determined by the value of Input Clock Prescale
(ICP) in the control register.

The pulse width generator calculates the pulse width of each switch according to
the states of control bits ‘Level’ and ‘Mode’. The detailed steps are as follows:

(1) The reference signals are read from the registers and the reference voltages of
each leg are calculated according to (3.108), where V., always equals 250
(N—-1D.

Vine = Viepe + Vanip — 250 X (N — 1) x=a,b,c, g (3.108)

where
500 x (N — 1) — YwatVon - pMode = 1
Vit { 0 Mode=0 (3.109)

(2) Calculate the pulse width of each switch of the inverter.

In the proposed 3D direct PWM, the output pulse of each leg needs to be
transferred to the trigger signals of each switch of a VSI. Conventional SVM solves
this problem by means of a switching table. The switching table for a three-level
VSI is shown in Table 3.26 in which the states of all switches of a leg corre-
sponding to an output voltage are listed.

As the level of the VSI increases, the switching table becomes more complicated
and takes up more memory space. A method is given for the design of the gen-
eralized PW modulator in which the pulse width of each switch is directly deter-
mined by the reference voltages. For an N-level VSI, there are 2(N — 1) switches
in each leg. The 2(N — 1) switches are numbered according to the following rule:

Table 3.26 SWitChil’lg table Voltage Sx Sx] sz ij SX4

of a three-level VSI
0 0 Turn-off Turn-on Turn-off Turn-on
E 1 Turn-on Turn-off Turn-off Turn-on
2E 2 Turn-on Turn-off | Turn-on Turn-off
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All the switches above the point where the output voltage is connected are num-
bered by odd values from S,;, S,3... to Sy2n-3), while all the switches below that
point are numbered by even values from Syon.2), Sy2n-9)... 10 Sy (X = a, b, ¢, g).

Therefore, the 2(N — 1) switches of one leg can be divided into (N — 1) pairs. If
the switch pairs are numbered by odd value ‘n’ (0 < n <2 N — 3), the mth pair
consists of two switches, which are S,,, and S,,..;). The states of the two switches
of the same pair are always opposed. Hence, if the trigger signal for the switch S,
is determined, the trigger signal for its counterpart S,,.;) can be generated by
reversing S,

After the switching table was analyzed, it was found that the states of all the
odd-numbered switches could be determined according to the value of the
switching function S,. It is assumed that S, equals K. All the odd-numbered
switches whose number is larger than (2K — 1) are turned off, and all the
odd-numbered switches whose number is less than or equal to (2K — 1) are turned
on. In the 3D direct PWM, the output switching state of each leg varies between S;
and S;,; during one PWM period. Hence, the switches from Sy; to Syok.;) are
turned on during the whole period. Switches of which the numbers are larger than
(2K + 1) are always turned off. Switch S,k is first turned off, and then turned on
when the output state is changed to S, ;. The pulse width of S, is simply the pulse
width of the trigger signal of switch Syzk.s). Therefore, the pulse width of each
switch can be determined by (3.110).

Ty =250(N — m) + (Vigyxe — 250(N — 1)) = 250(1 — m) + Vi x=a,b,c,g
(3.110)

If the symmetrical aligned scheme is adopted in generating the trigger signals,
the value, which is compared against the output of the counter, is expressed as:

Ty = (500 — T,)/2 = 250(m+ 1) — Viy x=a,b,c,g (3.111)

The T,,; is compared to the output of the 12-bit counter at every falling edge of
the clock signal. When the output of the counter is larger than the T,,; of the mth
switch, the trigger signal of this switch is forced into high mode. Otherwise, the
trigger signal is low. The switching state of the switch with the number m + 1 is
obtained by reversing that of the mth switch. Generation of the trigger signals of the
four switches of one leg of a three-level inverter is illustrated in Fig. 3.78.

In this case, T,3; and T,,;; are calculated by (3.111) and compared to the output of
the counter to determine trigger signals of the switches S,; and S,;. The trigger
signals of switches S,, and S, are obtained by reversing that of S,; and S.;
respectively.



136 3 Active Power Filters

f‘lg 3.78 Generation the 500 |—————m e
rigger signals for a
three-level VSI T”” /\
OF -+ LS
Y:zll ! :
1 I :
T1a < : Tul > i
o--—-—+-—-———q9-—"""""-- i
1 ; ;
T2a : :
0 : :
1 TU?I
Toa el
0] s R e
1 P
Taa
0 - -
< >
T;

3.5.2.3 Dead-Time Controller

The dead-time controller is included in the generalized PW modulator so that
dead-times fit into the transition edges of the trigger signals. The input clock of the
dead-time controller is first scaled according to the control bit ‘ICPD’. The corre-
sponding clock that is obtained is used as the clock signal for a counter which
periodically counts from ‘0’ to ‘40’. Hence, the dead-time is calculated by (3.112).

Tq = 40/(F/xq), (3.112)

where F is the input frequency of the external clock and r, is the scaling ratio.

3.5.3 Experimental Verification of the 3D PW Modulator

Prototypes for a two-level center-split VSI, a two-level four-leg VSI and a
three-level center-split VSI were built. The FPGA-based generalized PW modulator
was applied to control these VSIs to track the given references. The block diagram
for the control system is shown in Fig. 3.79. A DSP (TMS320F2407) was used to
generate the reference voltages and send the references to the data buffers in FPGA.

The RMS value and THD of the references, which are generated by the 16-bit
fixed point DSP, are listed in Table 3.27. The dc bus voltage is 200 V and PWM
frequency is 5 kHz. The experimental system configuration is the same as that in
Fig. 3.70. The experimental results of controlling a two-level center-split VSI, a
three-level center-split VSI and a two-level four-leg VSI are shown in Figs. 3.80,
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Fig. 3.79 Block diagram for D(11:0)
the control system Generalized Voltage
Reference — Pul idth Source
Generator u'se wi Inverter
Modulator .
DSP A(2:0) :
TMS320F2407 nggﬁ)o ﬂ@
Table 3.27 Parameters of experimental results
THD (%) RMS (V)
A B C A B C
References 100 1.7 1.7 50 44.1 35.35
Two-level center-split VSI 104.8 3.1 2.1 48.6 41.06 29.36
Three-level center-split VSI 104.8 2.5 33 50.2 41.76 27.50
Two-level four-leg VSI 102.8 4.8 6.8 50.2 43.2 28.75

3.81 and 3.82, in which the output voltages of the VSIs, the voltage across the loads
and the current passing through the loads are provided. Neutral currents are also
recorded.

The RMS and THD of the voltages across the loads are provided in Table 3.27.
The experimental results show that the FPGA-based generalized PW modulator can
control the three-phase four-wire VSIs to trace the given references. In the exper-
iment, the inserted dead-time affects the performance of the four-leg VSI. The
performance of the two-level four-leg VSI is deteriorated when the reference
voltage of the fourth-leg is low compared to the dc bus voltage. Better performance
can be obtained when the modulation index is increased.

3.6 Design and Implementation of Active Power Filters

3.6.1 Minimum DC-Link Voltage Study for APF Under
Reactive Power and Current Harmonics
Compensation

In the following section, the minimum inverter capacity design for APF under
reactive power and current harmonics compensation are discussed. First, the
single-phase fundamental and harmonic equivalent circuit models of a three-phase
four-wire center-split APF are introduced. According to the current quality of the
loading and APF single-phase equivalent circuit models, the minimum dc-link
voltage expression for the APF is proposed. Finally, representative simulation
results of the three-phase four-wire center-split APF are given to verify its mini-
mum dc-link voltage design expression. Given that most of the loadings in the
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Fig. 3.80 Experimental results of a two-level center-split VSI: a Output voltages of the VSI,
b load voltages and currents

distribution power systems are inductive, the following analysis and discussion
only focus on inductive nonlinear loads.

3.6.1.1 Single-Phase Fundamental and Harmonic Equivalent Circuit
Models of a Three-Phase Four-Wire APF

Figure 3.83 shows the circuit configuration of the three-phase four-wire center-split
APF, where the subscript ‘x” denotes phase a, b, ¢, g. vy, and v, are the system and
load voltages, i, i, and i., are the system, load and inverter currents for each
phase. L. is the coupling inductor of the APF. C,., V .y, and V, are the dc
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Fig. 3.81 Experimental results of a three-level center-split VSI: a Output voltages of the VSI,
b load voltages and currents

capacitor, upper and lower dc capacitor voltages respectively. In order to simplify
the minimum dc-link voltage deduction for the APF, v, is assumed to be sinusoidal
without harmonic component. Moreover, L, is normally neglected due to its low
value relatively, thus v, ~ v,. Figure 3.84 shows the APF single-phase funda-
mental and harmonics equivalent circuit models, where the subscript ‘g’ and ‘n’
denote the fundamental and harmonics frequency components, and n = 2, 3...00.
Through these two circuit models, the APF minimum dc-link voltage expression
with respect to different loading current quality parameters can be deduced. In the
following analysis, all parameters are in RMS value.
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Fig. 3.82 Experimental results of a two-level four-leg VSI. a Output voltages of the VSI. b Load
voltages and currents

3.6.1.2 Minimum DC-Link Voltage Deduction for the Three-Phase
Four-Wire APF

Referring to Fig. 3.84b, the required inverter fundamental output voltage (Vi)
and inverter harmonic output voltage (V;,,.,) at each harmonic order can be found.
As Vi and Vi, are in RMS values, the minimum dc-link voltage values (Ve
Vien) for compensating the phase fundamental reactive current component and
each nth order harmonic current component are calculated as the peak values of the
required inverter fundamental and each nth order harmonic output voltages, in
which Vg = \/EVinWe, Viern = V2Viwen. In order to provide sufficient dc-link
voltage for compensating load reactive and harmonic currents, the minimum dc-link
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Fig. 3.84 APF single-phase equivalent circuit models at: a fundamental frequency and
b harmonics frequency

voltage requirement (V) of the APF single-phase circuit model is deduced by
considering the worst phase relation between each harmonic component, in which
their corresponding peak voltages of the VSI at ac side are assumed to be
superimposed.

Viex = \/ Waet |+ > Vatew|” (3.113)
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From Fig. 3.11a, when the voltage load V, is pure sinusoidal without harmonic
components, V., = V.. The inverter fundamental output voltage of the APF
single-phase equivalent circuit model can be expressed as:

Vinvxf = Vx +ZPPFf X [cxf (3114)

As the coupling part is a pure inductor L., Zppry = ’XLq,-’ef‘/’f , where ¢f = 90°.
When the APF operates in the ideal case, the fundamental compensating current I,
contains mainly reactive component /.., with less active current component /..,
therefore (3.114) can be rewritten as:

Viny = Ve + |oLe|[Igy| 0 = 2nf (3.115)

From (3.115), it is clearly shown that V;,,.for APF must be larger than the load
voltage V, for reactive power compensation, no matter what the coupling inductor
is. This also explains why the inverter part of the APF can only operate with a
dc-link voltage higher than the peak of V, value.

From Fig. 3.84b, the inverter harmonic output voltage of the APF single-phase
equivalent circuit model V;,,,, at each nth harmonic order can be expressed as:

Vig = [n0L| || 1= 2,3...00 (3.116)

where I, is the nth order harmonic compensating current. When the APF is
performing compensation, the absolute reactive and nth order harmonic compen-
sating current should be equal to those of the loading, it yields:

o) = [Togals Mewal = |l (3.117)

where 1,4, and I, are the reactive and nth order harmonic currents of the loading.

From (3.114) to (3.117), the inverter fundamental and each nth harmonic order
output voltages of the APF single-phase equivalent circuit model (Vi Vi) can
be calculated. Then the minimum dc-link voltage requirement (V) for the APF
single-phase circuit model can be found by (3.113).

By using the generalized single-phase p-q theory [32], the reactive power and
current harmonics in each phase can be compensated independently, thus the final
required minimum dc-link voltage for the three-phase four-wire center-split APF is
the maximum among the calculated minimum value of each phase (V,.) as
expressed in (3.118). Table 3.6 summarizes the minimum dc-link voltage deduction
steps of the three-phase four-wire APF. (See Table 3.28)

Vdc = maX(szm,zdeb,szcc) (3118)
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Tablfe 3.28 Minimum . 1 |Inverter fundamental output voltage:
DC-link voltage deduction 3115
steps of the APF Vimg = Vi + [0Le| |1cqu| (.115)
where |lgy| = |ILga|, @ = 2nf (3.117)
2 | Inverter nth harmonic order output voltage:
Vinwn = |nch| ‘chn ‘ (3.116)
where (3.117)

Lown| = Ixn|, n=2,3...00, =2nf

3 Minimum dc-link voltage:

Vie = max(zvdcay 2Vd<:b,2Vdcc) (3.118)
. X (.113)
where Vdcx = ‘thc)g/ ’ + Z |Va’cxn|
n=2

Vdcxf = \/ivinvxf s Viem = \/Evinvxn

3.6.1.3 Simulation Verification for the APF Minimum DC-Link
Voltage Analysis

Figure 3.85 shows the reactive and harmonic reference compensating current
deduction and PWM control block diagram for the three-phase four-wire
center-split APF, in which the three-phase v, and i;, are needed in determining
the reference compensating currents i’ by the single-phase p-g theory [32]. The
phase load voltage v, and load current i;, (x = a, b, ¢) are transformed into their
corresponding a-axis and f-axis quantities (Vxg, Vg izxe irxp) in 0-f coordinate by
using a /2 lag consideration. Then, the phase instantaneous active power p;, and
reactive  power qp, are calculated by  pry = Vil +Viging  and
qrx = Vxairxx — Vxpiryg. TO compensate the reactive power and current harmonics
generated by the load, i, for each phase can be calculated by
it :71‘ [—vm Prx+vip - qu] , where A, = vfm + vzﬁ. The term, oscillating part of
instantaneous power, p(wt) can easily be extracted from p(wt) by using a low-pass
filter (LPF) or high-pass filter (HPF). After the determination of the instantaneous
current, i.,", the compensating current error Ai., together with hysteresis band H
will be sent to the current PWM control part. Then the PWM trigger signals for the
switching devices of the VSI can then be generated. This control block diagram is
applied in the APF system in order to generate the required compensating current,
i.x. In the following part, as the load harmonic current contents beyond the 9th order
are small, for simplicity, the required minimum dc-link voltage calculation will be
taken into account up to 9th harmonic order only.

In order to verify the minimum dc-link voltage analysis, representative simu-
lation results of the three-phase four-wire center-split APF system in Fig. 3.83 are
given as follows. The nonlinear loads are composed of three single-phase full
bridge rectifiers. In order to simplify the verification, the dc-link is supported by
external dc voltage source and the simulated three-phase loadings are approxi-
mately balanced. Table 3.29 lists the simulated system parameters for the APF and
the current quality data of the loading. Simulation studies were carried out by using
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Fig. 3.85 Control block diagram for the three-phase four-wire center-split APF

Table 3.29 APF system parameters for simulations

System parameters

Physical values

System source-side Vo f 110V, 50 Hz
L, 1 mH
APF L., Cy 30 mH, 10 mF
View Vaer 180, 200, 220 V
Nonlinear rectifier load Ry, L., Cry 26 Q, 30 mH, 200 uF
Current quality data of LOAD I 5.3A1ms
DPF 0.835 (lagging)
| Iy | 2.79A s
| I3 | 1.35Ams
| Ires | 0.35A s
| 1.7 | 0.14A s
| Iro | 0.07A s
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Table 3.30 Simulated results before and after APF compensation at different V., V.. levels

Simulation results | Vo Vier (V) |in (A) |DPF | THD,, (%) |THD,. (%) |iy, (A)

Without comp. - 530 |0.835 300 1.82 4.09

APF 180 6.00 0996 |18.4 2.28 2.93
200 515 | 1.000 |12.5 2.30 1.60
220 430 | 1.000 | 7.6 2.54 0.45

PSCAD/EMTDC. From Table 3.29, the required minimum dc-link voltage for the
APF system can be calculated through (3.113)-(3.118), which is equal to
Vie = 4042V (Ve = Vger, = 202.1 V).

Referring to Table 3.30, before compensation, the system current and system
neutral current are i;, = 5.30Arms and i, = 4.09Arms respectively. The displace-
ment power factor (DPF) is 0.835, the total harmonic distortion of system current
(THDij,) and load voltage (THDv,) are 30.0 and 1.82 %, in which THDi,, does not
satisfy the international standards (THDi,, < 15 % for IEEE) [33].

Figure 3.86 and Table 3.30 show the simulated compensation results of APF
with different dc-link voltage levels. When the dc-link voltage V,.p = Vg =
180 V (<202.1 V), the APF operates at the rectifier mode, thus drawing active
current. After compensation, the compensated THDi,, = 18.4 % and i, is
2.93Arms, in which the compensated THDi,, does not satisfy the international
standards. When the dc-link voltage increases to V., = V4, = 200 V, since this
value is closer to the required 202.1 V, the APF can obtain better compensating
performances with i, = 5.15Arms, THDi,, = 12.5 % and iy, = 1.60Arms, in which
the compensated THDi,, satisfied to the international standards. However, the APF
is still operating at the rectifier mode due to insufficient dc-link voltage level. When
the dc-link voltage increases to Vy.p = Vg = 220 V, which is higher than the
minimum 202.1 V requirement, the APF can operate at both inverter and rectifier
modes and achieve the best compensation performances with i, reduces to
4.30Arms, THDi,, = 7.6 % and i, = 0.45Arms among three cases. Moreover, the
compensation results as shown in Table 3.6 satisfy the international standards.
From Table 3.30, the three cases can compensate the DPF from 0.835 to 0.995 or
above. Moreover, the compensated THDv, satisfies the international standard [33].

Figure 3.86 and Table 3.30 have also verified the APF minimum dc-link voltage
deduction. With different system voltage level, coupling inductor value and loading
current contents, the APF requires different minimum dc-link voltage value for
operation.

This section aims to investigate the minimum dc-link voltage design for
three-phase four-wire center-split APF in reactive power and current harmonics
compensation. First, its single-phase equivalent circuit models are built and pro-
posed. Based on circuit models and current quality data of the loading, the mini-
mum dc-link voltage for the three-phase four-wire APF is deduced and discussed.
Simulation results of the APF are presented to verify this minimum dc-link voltage.
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Fig. 3.86 APF simulation results: a V., Vg =180V, b Vi, Vi =200V and ¢ Ve,
Vier =220V

3.6.2 Design of Coupling Inductor

A coupling inductance is connected between the point of common coupling
(PCC) and the VSI in an APF, which directly affects the compensating currents.
Two factors are considered for selecting the value of the coupling inductor, which
are the ability to suppress the current ripple and current tracking speed.
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3.6.2.1 Suppress Current Ripple

When the period of the PWM control is small enough, the current passing through
the coupling inductor varies linearly, as given in (3.119) and illustrated in Fig. 3.87
—v

A I* — Viny . Ts

A1
» (3.119)

where v;,, is the average output of the inverter in a switching period, v is the voltage
at the PCC, and T is the period of PWM.

When PWM is used to control VSI, the output voltage of the VSI always
changes discontinuously. For example, the output voltage varies between 0 and V.
for a two-level VSI. As shown in Fig. 3.87, the output voltage of the VSI varies
between two neighboring levels to synthesize the reference voltage. The average
output voltage in each period equals to v;,,, as expressed in (3.120).

Viny * TS = Vdc : DTY (3120)

Equation (3.120) is for two-level VSI and it needs to be revised as (3.121) for a
multi-level VSI [34]. v;,, is assumed to be in the range of Vg, t0 Vg + E.
E denotes voltage of each level, D is the duty ratio and V., is integer multiples of E.

Viny * Ts = (Voﬁ‘set + Vdc) . DTS + (1 - D)Ts . Voﬁset (3121>

: Cur:rent
: Reference :

t "" AL i Output voltage """ ]

of VSI
E ------------------ V:dc ---------- C T T -
AT L i do i
- : DTst 1 Pt I Y 1 ]
P A 1o
I ; ; : : o
TsI : ; 1. DTs :

Fig. 3.87 Current ripple and symmetrical-aligned modulation signal
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For simplicity, (3.120) for two-level inverter is used hereinafter. However, it can
be proved that all the deduced results also work for multi-level inverters. The source
voltage is assumed to be a constant in a period. The current passing through the
coupling inductor varies like a saw tooth wave. Symmetrical-aligned modulation
signal is selected since it gives the lowest current ripple [18]. The current variation
in a period is shown in Fig. 3.87 and is expressed in (3.122).

—v 1—-D Vie—v —v 1—-D
— T, DTy + — - ——T, 3.122
L. 2 * L. * L. 2 ( )

Al =

According to (3.120), the AI* in (3.119) and Al in (3.122) are the same.
Practically, dead-time during the switching, delay in the control system and errors
in the inductor value generate errors between AI* and Al. They may not match
exactly as shown in Fig. 3.87. All these factors are overlooked since they are not
the main cause of the current ripple. The current ripple exists mainly due to the
output voltage of the inverter changes discontinuously. As shown in Fig. 3.87, the
error between the compensating current and its reference are two shadowed areas.
Due to the symmetrical properties, the areas of the two shadowed error are the same
and the total error area is calculated by (3.123),

1T,AI 1T, DT, 1 DT, Al
error = 2 T (= : AL, — = > (= AL,
S 222 + 2(2 2 ) 2 2 ( 2 + )
1. 1-D
— ST AL+ AlL) (3.123)

where Al, is the change of the APF output current from O to (1 — D)T/2, and

Al, :L%,IED T,. Combined with (3.120) and (3.122), (3.123) could be further

revised as:

T2
Sermr - i (DVdC - Dzvdc) (3124)

Since D is the duty ratio and varies from O to 1, S,,,,,- increases as V. increases.
According to (3.125), dS.,,.,/dD equals to zero when D = 1/2, i.e., the maximum
value of S...r occurs when D = 1/2.

dS rror T2
deD = 42 (Ve —2DVy) =0 (3.125)

Lippie 18 defined as the maximum variation of the output current of the APF from

the reference current in a period. When D = 172, I, is

(1 - D) Al = TsVdc

Iri[’[ile = AlL, + 2 8L,

(3.126)
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If the current ripple is set to be smaller than Al,, (3.127) is obtained.

Vdc'
L.>
- 8f N Al r

(3.127)

For multi-level inverter, the dc bus voltage V. is split to (N — 1) levels, and
(3.127) is revised as (3.128).

> Vi
‘= 8(N — 1Al

(3.128)

In addition, if left-aligned or right-aligned modulation is used instead of
symmetrical-aligned modulation, the corresponding current ripple is (3.129). The
current ripple is doubled. Hence, the symmetrical-aligned modulation is better for
suppressing current ripple and is suggested to be adopted in APFs. Finally, (3.128)
is employed for handling coupling inductor values.

T,V
Lipple = —— 3.129
ppl 4L, ( )

3.6.2.2 Current Tracking Speed

The relationship between the coupling inductor and the slope of the compensating
current is:
di, Vi —V

where i. is the compensating current of APF. When reactive current and current
harmonics are compensated simultaneously by APF, the current slope is expressed
as:

di, digy | dip
dt — dt dt

(3.131)

where d""’ = V2l cos(wt — 90°) = /2l 4w sin ot

di,, V2, sin(nwt —
#: d(3.s “dt ( Zn 2\/—Iwna) cos(nwt — @)

In order to track the compensating current, the right side of (3.130) should be
larger than the maximum current slope. Hence, (3.132) is obtained.
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Vinw — V
L. <

- V20 g0+ 3 2no cos(not — @)
n=2

(3.132)

It’s difficult to predict the voltage difference at the instant when the maximum
current changing rate is required. In order to calculate the boundary of the inductor
value according to (3.132), complex measurement of the load currents are necessary
to provide the required parameters. For simplicity, (3.133) is proposed to replace
(3.132) in order to estimate the upper boundary of the coupling inductor of the APF.

0,V,
LCS v Vdc
rl.o

(3.133)

It is suggested to select J, in the range of 0.1-0.3. I, is the current rating of the
APF and r is suggested to select the order of the most significant harmonic in the
load currents. It is easy to estimate the r value without measuring the load currents.
When the loads are mainly home or office appliances, which uses single-phase
switch mode power supply, r should be three. If the load is a three-phase adjustable
speed drive, r usually selects five. With the determination of L, the current tracking
speed can be determined.

3.6.2.3 Method for Calculating Coupling Inductance

Combining the results of the previous two parts; the range of the
coupling-inductance of an APF is expressed as (3.134). The detailed explanations
for each parameter are given in Table 3.31. The lower boundary is totally deter-
mined by the APF settings. The last two parameters in Table 3.31 vary with
non-linear loads to be compensated and are used for estimating the upper boundary.

Ve gy OVa (3.134)
8f,(N — 1)AI rol,
Table 3.31 Parameters for calculating inductor value
Parameter Explanation Example
Ve DC bus voltage of the inverter 200 V
N The level of the VSI 3
I PWM frequency 5000
1. Current rating of the APF (RMS) 5A
w Fundamental frequency 314
Al, Maximum current ripple. Typical value: 10 % Ic 05 A
o, Typical value: 0.1-0.3 0.2
r The order of the most significant harmonic 3
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When the final value of the inductor is determined, a value close to the lower
boundary should be selected because it could provide better current tracking speed
with acceptable current ripples. A smaller inductor also reduces the cost. However,
the final value should be tested by estimating the upper boundary according to
(3.134). In some cases, the derived upper limit of the inductor value is smaller than
the lower limit. It indicates conflicts exist in the requirement of current tracking
speed and suppressing current ripple. Some approaches, such as increasing PWM
frequency and adopting multi-level VSI, could be considered to reduce the lower
boundary. Another alternative solution is to use LR, LC or LCL filter in the cou-
pling circuits [35].

3.6.2.4 Simulation Results

Simulation models are built by using PSCAD/EMTDC. Parameters are listed in
Table 3.31 and the RMS value of source voltage V is 55 V. The simulation model
of an APF using three-level center-split VSI is first built. The L. lower boundary is
5 mH by using the proposed method and the L. upper boundary is 8.4 mH.
Figure 3.88 shows the performance of the APF to track the compensating current
reference for three different inductor values. When inductor value is 5 mH, the
source currents are shown in Fig. 3.89, in which the APF begins compensation at
0.04 s.

3.6.3 Implementation of a Three-Phase Four-Wire APF
Prototype

3.6.3.1 System Configurations of Three-Phase Four-Wire APFs

Prototypes of three-phase four-wire active power filters have been developed. The
system configuration of the three-phase four-wire active power filter is shown in
Fig. 3.90. If switch “K” is connected to the mid-point of the dc bus, three-leg
center-split VSI is used. Otherwise, the switch “K” is connected to the fourth-leg of
the VSI and a four-leg VSI is used.

The control system of the APP includes three main blocks. Descriptions about
these blocks are provided in the following sections.

e Sampling circuits
e Digital control system
e Switching devices and their driving circuits
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Fig. 3.88 Output current and reference current of the APF using three-level VSI

3.6.3.2 Sampling Circuits

The system voltages, load currents and injecting currents from the APF are mea-
sured by transducers. These signals are required to determine the compensating
currents and reference voltages. The voltage and current transducers are selected
according to the working frequency, work rating, the required accuracy, linearity
and response time. For example, both current transformers (CT) and Hall Effect
transducers can be used to measure the currents. CT is much cheaper especially for
measuring high currents. However, it introduces phase shifting to the detected
signal. For high frequency component in the current, the saturation effect of the CT
also distorted the current waveform.
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Fig. 3.90 System configuration of the APF prototypes

The prototype adopts transducers that are based on the Hall effects, which can
transfer large electrical signals into small analog signals. The photo of the voltage
and current transducer board is shown in Fig. 3.91. The output analog signals of the
transducers are ac voltages, and its range is between —5 and 5 V.

The measured signals are finally sent to the A/D converter and converted to
digital signals. If the output signals of the transducer do not satisfy the voltage



154 3 Active Power Filters
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Fig. 3.91 The transducer boards

requirements of the analog to digital (A/D) converter, signal conditioning circuits
need to be added. In the prototype of the APF, the signal conditioning circuits are
implemented on the same board with the transducers. The schematic figure of the
signal conditioning circuits is shown in Fig. 3.92.

The selected A/D converter can accept input analog signals in the range of
0-3.3 V. Therefore, the output voltage of the sampling circuits should be consistent
with (0-3.3 V). In order to avoid the saturation when the input voltage approaches
3.3V, the peak output voltage is changed to the range between 0.3 and 3.0 V.
According to the schematic shown in Fig. 3.92, the signal conditioning equation is
expressed as:

RS RS
Vo = Evm + E x 15 (3135)

Set R5 = 2.2 kQ and R3 = 20 kQ, then v, = %vm + 1.65. The peak value of
the output voltage of the transducers equals to 5v/2. R2 is 11 kQ, so that the output

R9 VFA

Fig. 3.92 The schematic figure of the signal conditioning circuits
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voltage V, of the signal conditioning circuits is about 3.06 V. R10, R11, and R12 in
Fig. 3.92 are adjustable resistor, which are used to adjust the zero point of the
transducer output. R8 and C1 combine an active first order low-pass filter, which
aims at filtering the high frequency noise signal. The final outputs of the signal
conditioning circuits are sent to the A/D converter.

3.6.3.3 Digital Control System

The block diagram of the control system of the APF is given in Fig. 3.93. The
reference voltage calculation is achieved based on TMS320F2407 controller from
Texas Instrument. It is a low cost and high performance controller in real-time and
motor/machine control. A sixteen-channel 10-bit A/D converter is embedded in the
chosen DSP. There is a total of sixteen multiplexed analog inputs of 10-bit A/D
converter core with built-in Sample and Hold (S/H). After conversion, the digital
value of the selected channel is stored in the appropriate result register.

The reference voltages are written to the data buffers in 3D PW modulator.
The DSP only implements the sampling and reference calculations. The FPGA-based
3D PW modulator generates the trigger signals based on the 3D direct PWM. The
programs in DSP are mainly composed of two parts, as shown in Fig. 3.94.

Figure 3.94a is the main program, which initializes the variables and the registers
to make preparation for the sampling. In addition, the control registers, embedded in
FPGA is also initialized, so that the PWM period, VSI topology and dead-band time
are set for the FPGA-based PW modulator. After all the initializations are finished, the
main program stops in an infinite loop and waits for the interrupts.

Figure 3.94b is the interrupt service routine (ISR), and the corresponding flow
chart is given in Fig. 3.94b. The interrupt is triggered in every sampling period.
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Fig. 3.93 Block diagram of the control system of the APF
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The A/D conversion, reference signal calculations are all performed in this interrupt
service routine. The obtained reference voltages are written to the registers inside
the FPGA-based 3D PW modulator; then the corresponding trigger signals are
generated by the generalized 3D PW modulator.

3.6.3.4 Switching Devices and Driving Circuits

The switching devices are selected for implementing the VSI. The introduction of
the metal-oxide semiconductor (MOS) technology to the processing area of power
semiconductors has created revolutionary device and application advantages. The
presently available power switch category includes several device types including
metal-oxide semiconductor field effect transistors (MOSFETs), gate turn off
(GTO) thyristors, and insulated gate bipolar transistors (IGBTs).

The IGBT has the merit of low switching losses and require very little drive
power at the gate. IGBT converters cover a power range up to several megawatt.
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The switching frequencies range from a few kilohertz up to 20 kHz at derated
power capability. The Mitsubishi third generation IGBT PM300DSAO060 is selected
in the two-level VSI prototype, which is a 300 A, 600 V, dual intelligent power
module (IPM). The intelligent power module provides the user with the additional
benefits of equipment miniaturization and reduced time to market as they include
gate drive circuit and protection circuits [36, 37]. The appearance of the selected
dual IPM is shown in Fig. 3.95a. It provides two series IGBT switches in one
module, as shown in Fig. 3.95b [38]. This module can be used as one leg of a
two-level VSI, which provides great convenience to the hardware implementation.

The schematic figure of the IPM drive board is shown in Fig. 3.96. The IPM
drive board is made to control the switching state of [PM with the trigger signals
from digital controller.

(a)

C2E1

E2

Fig. 3.95 IPM module a appearance, b structure of the dual IPM model
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Fig. 3.96 Schematic diagram of driver circuits for IPM module
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The followings are some considerations for the design of the IPM driver in
consideration of FPGA 1/O requirement.

e The SN74HCTOS is used to protect the I/O of FPGA. SN74HCTO08 works as a
buffer, since the current of I/O of FPGA is recommended to be kept within
1.67 mA per pin for 3.3 V-tolerance; while the typical working current of
HCPL4504 is 16 mA.

e +VL, R7 and R8 are combined as resistor divider to pull up the signal “FO” and
to limit the voltage of the pull-up signal “FO” within 3.3 V (not over the FPGA
I/O voltage limit).

e The RC low-pass filter is adopted to filter the noise which could probably be on
the fault signal. The selection of R1 should consider the current of FPGA 1/O,
“FO” pull-up potential, and RC low-pass filter’s load effect.

3.6.4 Experimental Results

3.6.4.1 Three-Phase Four-Wire APF Using a Two-Level Center-Split
VSI

The experimental results for the three-phase four-wire APF, in which a two-level
three-leg center-split VSI is used, are given in this section. The system configu-
ration of the APF is shown in Fig. 3.97, where the neutral wire is connected to the
mid-point of the dc bus.

i i
Source Vsa _Ls _sa Vg La

—>
& i A
AC N .
AC v L Lal lsb Vb lLb .
m S0, =5 B Nonlinear N
AC ] Load
1. ; /
cbl 1 7~
Vse NIJSYL _sc, Ve L‘, c
. i .
i cc 1
n sn l Vn Ln

- E Le g Le E Le ich

T1a T1p Tic +J_ +
— — — Vch_ Cec
Vinva |@ Vinvb | b Vinve | © g

Tea Tab Tac +
— - — Ve, T Cae

Fig. 3.97 Three-phase four-wire APF using a two-level three-leg center-split VSI
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The generalized 3D direct PWM is applied to control the two-level three-leg
center-split VSI. Figure 3.98 gives the source and neutral currents and its corre-
sponding THD% before compensation. The RMS value of source currents is around
0.93 A and THD is about 32.1 %. The main harmonics are 3rd, 5th and 7th which
are determined by the nonlinear loads. Figure 3.99 shows the source and the neutral
currents and the corresponding THD after compensation. The THD of source
current reduces to 7.4 % after compensation. Results indicate that the current
harmonics are compensated and neutral current is reduced by the three-phase
four-wire APF.

7% Agllent Technologles

Fig. 3.98 Source and neutral currents before APF compensation

Agllent Technologies

Fig. 3.99 Source and neutral currents after APF compensation
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3.6.4.2 Three-Phase Four-Wire APF Using a Two-Level Four-Leg VSI

The system configuration of the APF is shown in Fig. 3.100, in which a two-level
four-leg VSI is used. In this case, the neutral wire is connected to the fourth-leg of
the voltage source inverter. The generalized 3D direct PWM is applied to control
the four-leg VSIL

The system voltage, load currents and source currents after compensation are
shown in Fig. 3.101. The THD of the load currents is about 30.2 %. The THD of the
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Fig. 3.100 Three-phase four-wire APF using a two-level four-leg VSI

.:::::'

%&*@v&r

Load currents. ..

ul A Ih m fm fg‘ ' A‘ A A, f‘ -----

4
-8A °'°" "?*.é'::t.. __ lg'\( __
o 20ms 4dms G0ms goms %ot;:ns

Fig. 3.101 Current compensation using a two-level four-leg VSI based APF
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source currents after compensation is reduced to 7.1 %. The neutral current is also
greatly reduced after compensation. Therefore, the validity of 3D direct PWM in
controlling a two-level four-leg VSI in a three-phase four-wire APF is also proved.

3.6.4.3 Three-Phase Four-Wire APF Using a Three-Level
Center-Split VSI

In this section, a three-level three-leg center-split VSI is used in the three-phase
four-wire APF. The system configuration of the APF is shown in Fig. 3.102. The
generalized 3D direct PWM is applied to control the three-level center-split VSI.

The load currents are shown in Fig. 3.103. The source currents after compen-
sation are shown in Fig. 3.104. The corresponding THD values of the source
currents and load currents are listed in Table 3.32. The RMS values of the neutral
current before and after compensation are also given in Table 3.32. The results
indicate that the current harmonics and neutral current are compensated.

The reactive power compensation performance is illustrated in Fig. 3.105. The
corresponding power factor and displacement power factor are listed in Fig. 3.105.
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Fig. 3.102 Three-phase four-wire APF using a three-level center-split VSI
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Fig. 3.104 Source current after APF compensation using a three-level center-split VSI

Table 3.32 Compensation results of APF when a three-level center-split VSI is used

THD A (%) | THD B (%) | THD C (%) | Neutral (A)
Load currents 252 25.3 254 1.56
Source currents after compensation | 7.5 6.5 6.2 0.53
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Fig. 3.105 Reactive power compensation: a voltage and load current, b voltage and source
current after compensation

It can be found that the power factor approaches one after the reactive power is
compensated by the APF. Therefore, the APF also can compensate reactive power
if proper reference generation algorithms are used.

3.7 Summary

In this chapter, active power filters are discussed. Basically, an active power filter is
constructed by an inductor connecting in series with a power electronics converter.
The development of active power filters is discussed in the first section. However,
the main purpose for this book is to introduce the three-phase four-wire power
quality compensators. As a result, four-leg and three-leg center-split VSIs are
mainly mentioned. Mathematical models of the four-leg and three-leg center-split
VSIs as active power filters are given in the corresponding sections. This chapter
can be summarized as follows:

(1) Four-leg and three-leg center-split VSI operated as three-phase four-wire
power quality compensators are discussed. Its related voltage control reference
signals corresponding to the required compensating currents as well as current
control algorithms are mentioned.

Based on the space basis, three-dimension space vectors can be deduced.
Space vector allocation and their amplitudes of four-leg and three-leg
center-split VSIs are compared and discussed.

The corresponding hysteresis PWM, sign rectangular bar hysteresis PWM,
cylindrical coordinate control, space vector modulations, direct PWM for
control strategies are given.

(@)

(©))

“
®

DC linked voltage control and comparison are discussed.
Multi-level topology comparison and generalized control method for
three-phase four-wire systems as active power filters are given.
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Chapter 4
Hybrid Active Power Filters

Abstract In this chapter, the hybrid active power filters are discussed. In Sect. 4.1,
the development of hybrid active power filters (HAPFs) is initially presented. Then
different hybrid active filter (HAPF) topologies have been compared and discussed
in details in Sect. 4.2. Among them, LC-coupling HAPF (LC-HAPF) topology is
being chosen for further investigation in this chapter because it can offer the lowest
cost, size and weight, and has potential to provide dynamic reactive power com-
pensation. Owning to the limitations or existing problems of the LC-HAPF as
discussed in Sect. 4.3, this chapter aims to provide their corresponding solutions
one by one. In Sect. 4.4, the harmonic resonances prevention, compensation
capabilities and system robustness of the LC-HAPF are studied and investigated
based on the deduced circuit model. Then different dc-link voltage control tech-
niques for the LC-HAPF while performing dynamic reactive power compensation
are explored and presented in Sect. 4.5. A novel adaptive dc-link voltage control
technique for LC-HAPF in reducing switching loss and switching noise under
reactive power compensation is proposed in Sect. 4.6. This adaptive control tech-
nique is also applied to active power filter (APF) for investigating switching loss
and switching noise reduction. In Sect. 4.7, a minimum inverter capacity design for
LC-HAPF in dynamic reactive power and current harmonics compensation is also
studied and discussed. Finally, the design and performance of a LC-HAPF exper-
imental system will be presented and discussed in Sect. 4.8, which can effectively
compensate both dynamic reactive power and current harmonics in the three-phase
four-wire distribution power systems.

4.1 Development of Hybrid Active Power Filters (HAPFs)

In order to improve the compensation characteristics of Passive Power Filters
(PPFs) and to reduce the voltage and/or current ratings (costs) of the Active Power
Filters (APFs), different hybrid active power filter (HAPF) topologies composed of
active and passive filters in series and/or parallel have been examined in past
researches [1-26]. They can be classified into three general types: HAPF topology

© Springer Science+Business Media Singapore 2016 167
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Fig. 4.1 Three general types of HAPF topology: a HAPF topology 1—series APF and shunt PPF,
b HAPF topology 2—shunt APF and shunt PPF and ¢ HAPF topology 3—APF in series with
shunt PPF

1—series APF and shunt PPF [1-8], HAPF topology 2—shunt APF and shunt PPF
[1, 2, 9—-13], and HAPF topology 3—APF in series with shunt PPF [2, 13, 17-26]
as shown in Fig. 4.1.

4.1.1 HAPF Topology 1—Series APF and Shunt PPF [1-8]

The HAPF topology 1—series APF and shunt PPF circuit configuration is shown in
Fig. 4.1a. Figure 4.2 shows this HAPF topology in three-phase three-wire power
system presented by Peng et al. in 1988 [4] and three-phase four-wire power system
presented by Salmeron and Litran in 2010 [8] respectively. The APF is connected in
series with the distribution power system through filtering inductor, capacitor
(LC) and coupling transformer (CT) while the shunt PPF can be a tuned LC filter,
high pass filter or any combination of them.

Under this HAPF topology, the APF acts as a harmonic isolator between the
system source and load sides by forcing the load harmonic current flowing into the
shunt PPF. At the fundamental frequency, the shunt PPF shows high impedance
while the series APF shows low impedance. On the contrary, the shunt PPF shows
low impedance while the series APF shows high impedance at harmonic frequency.
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Fig. 4.2 HAPF topology 1—series APF and shunt PPF presented by: a Peng et al. in 1988 [4] and
b Salmeron and Litran in 2010 [8]

This HAPF topology aims to reduce the current rating of the APF. Moreover, it can
prevent the series and parallel resonance phenomena.

However, the series APF requires adequate protection in case of malfunction of
the APF because it is in series with the distribution power system. Moreover, as the
series APF is connected to the power system through CT, its CT is capable to
withstand full load current, thus increasing the system cost, size and loss.

4.1.2 HAPF Topology 2—Shunt APF and Shunt PPF
[1, 2, 9-13]

The HAPF topology 2—shunt APF and shunt PPF circuit configuration is shown in
Fig. 4.1b. Figure 4.3 shows this HAPF topology with CT in three-phase three-wire
power systems presented by Khositkasame and Sangwongwanich in 1997 [9] and
Corasaniti et al. in 2009 [12], and without CT in three-phase four-wire power systems
presented by Chiang et al. in 2005 [11] respectively. The shunt APF can be connected
to the distribution power system through coupling (L) with or without CT while the
shunt PPF can be a tuned LC filter, high pass filter or any combination of them.

Under this HAPF configuration, the PPF acts as main compensator and the APF
is used to compensate the remaining current harmonic contents which have been
filtered by the PPF, so as to improve the system filtering performance. Thus, this
HAPF topology aims to reduce the current rating of the APF. In addition, the
advantages of this topology are: the shunt APF is applicable if the shunt PPF
already exists and the reactive power is controllable. Moreover, it can prevent the
parallel resonance phenomenon.

However, the APF cannot change either the voltage across the PPF or the current
through the PPF. Therefore, large circulating current will be generated by the PPF if
the PPF impedance is low at the voltage distortion frequency. To prevent the
harmonic current flows to the supply, the required APF current rating will still be
high. If the APF is directly connected to the distribution power system without CT,
its required voltage rating is high too. By adding CT, its voltage rating can be
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Fig. 4.3 HAPF topology 2—shunt APF and shunt PPF presented by: a Khositkasame and
Sangwongwanich in 1997 [9], b Chiang et al. in 2005 [11] and ¢ Corasaniti et al. in 2009 [12]

reduced; however, using CT will increase the system cost, size and loss. By
choosing the PPF as a high pass filter, this HAPF topology can refrain from
obtaining low PPF impedance at the voltage harmonic frequencies. However, high
pass filters (with resistance) increase the filter losses and reduce the filtering
effectiveness at the tuned frequency.

4.1.3 HAPF Topology 3—APF in Series with Shunt PPF
[2, 3, 17-26]

The HAPF topology 3—APF in series with shunt PPF circuit configuration is shown
in Fig. 4.1c. Figure 4.4 shows this HAPF topology with CT in three-phase three-wire
power system presented by Fujita and Akagi in 1991 [3] and Rivas et al. in 2003 [17],
and without CT in three-phase three-wire power system presented by Srianthumrong
and Akagi in 2003 [20] respectively. The APF and PPF are connected in series with
or without CT, and then this HAPF is shunt to the distribution power system. The PPF
can be a tuned LC filter or high pass filter or any combination of them.

Under this HAPF configuration, the APF aims to change the impedance of the
PPF so that the PPF has a nearly zero impedance to load-side current harmonics and
infinite impedance to system-side voltage harmonics, so as to improve the com-
pensation characteristics of the PPF. When a PPF and an APF are connected in
series, the fundamental system voltage mainly drops on the capacitor of the PPF,
but not that of the APF. Thus, this HAPF topology aims to reduce the voltage rating
of the APF. Moreover, it can prevent the series and parallel resonance phenomena.
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4.2 Comparison Among Three General HAPF Topologies

Table 4.1 shows the characteristics and comparisons among these three general
HAPF topologies. They aim to perform current harmonic compensation only and
can only inject a fixed amount of reactive power which is provided by its passive
part. In practical case, the load-side reactive power consumption varies from time to
time, they cannot perform satisfactory dynamic reactive power compensation. As
shown in Table 4.1, HAPF topology 3 can be considered as the best one among the
three general topologies because (i) it can effectively prevent series and parallel
resonances, (ii) it has potential to generate less switching noise as it requires a low
dc-link voltage and (iii) it does not contain large circulating current problem and
can easily bypass the system in case of malfunction of APF or PPF.

In addition, the comparisons among the HAPF topology 3 [3, 17, 20] as shown
in Fig. 4.4 are summarized in Table 4.2. From Table 4.2 and Fig. 4.4c seems to be
an appropriated and cost-effective topology because it offers the lowest initial cost,
size and weight. Moreover, it has the potential to provide the best dynamic reactive
power compensation capability. Its coupling LC functions not only as a harmonic
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Table 4.1 Characteristics and comparisons among three general HAPF topologies

HAPF topology 1 [1-8]

HAPF topology 2 [1, 2, 9-13]

HAPF topology
32, 3, 17-26]

Function of APF

Harmonic isolator

Harmonic compensator

To improve the
filtering
characteristics of
PPF

Series and parallel

Effective on both

Effective on parallel resonance

Effective on both

resonance
preventing
capability
Advantages « Current capacity « Current capacity reduction of | * Voltage
reduction of APF APF capacity
» Applicable even PPF | « Applicable even PPF already reduction of
already exists exists APF
Disadvantages * Special isolation and | « Large circulating current * Need
protection during generated during low PPF modification if
series APF impedance at harmonic PPF already
malfunction voltage exists
« Extra loss due to CT | ¢ Extra loss—with CT * Extra loss—
with CT
Cost High due to CT High—with CT High—with CT

Lower—cwithout CT

Lower—without
CT

Size and weight

Bulky due to CT

Bulky—with CT
Lighter—without CT

Bulky—with CT
Lighter—
without CT

Harmonic current
compensation

Mainly support

Mainly support

Mainly support

Dynamic reactive
power
compensation

Possible to support

Possible to support

Possible to
support

Table 4.2 Comparisons among HAPF topology 3 presented by: Fujita and Akagi in 1991 [3],
Rivas et al. in 2003 [17] and Srianthumrong and Akagi in 2003 [20]

Figure 4.4a Figure 4.4b Figure 4.4c
Fujita and Akagi Rivas et al. in Srianthumrong and
in 1991 [3] 2003 [17] Akagi in 2003 [20]
Cost Highest High Lowest
Size and weight Bulky Bulky Lightest
Coupling transformer 3 3 0
AC inductor 12 9 3
AC capacitor 12 9 3
Resistor 3 0 0
Harmonic current Best Good Medium
compensation
Dynamic reactive power | N/A N/A N/A
compensation
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filter but also as a switching ripple filter. In this Chapter, therefore, this LC coupling
HAPF (LC-HAPF) topology is focused under three-phase distribution power
system applications.

4.3 Existing Problems and Operation Principles
of Conventional LC-HAPF

The LC-HAPFs are usually proposed in three-phase three-wire power systems
[19-26]. When the LC-HAPF is applied to three-phase four-wire power systems,
either center-split voltage source inverter (VSI) or four-leg VSI can be used.
Compared with the four-leg VSI configuration, with just a slight increase in the
operating dc-link voltage and an additional low cost dc capacitor for the three-leg
center-split VSI, the center-split VSI configuration can save two costly power
electronic switches and driver circuits [22]. Thus, the three-leg center-split VSI
structure is chosen for the three-phase four-wire LC-HAPF. Figure 4.5 illustrates
the system configuration of a three-phase four-wire center-split LC-HAPF, where
the subscript ‘x’ denotes phase x = a, b, c. v, is the system voltage, v, is the load
voltage, Ls is the system inductance. ig,, ir, and i., are the system, load and inverter
compensating currents for each phase. C.; and L., are the coupling capacitor and
inductor of the LC-HAPF. C,.1, V41py and V., are the dc capacitor, upper and
lower dc capacitor voltages of the LC-HAPF with V. .y = Vg = 0.5V.. The
dc-link midpoint is assumed to be ground reference (g). From Fig. 4.5, the inverter
line-to-ground voltages v;,,;., Will be equal to the inverter line-to-neutral voltages
Vimvix-n Decause the neutral point n is connected to the dc-link midpoint g. The load
can be a nonlinear load, a linear load or their combination. The nonlinear loads are
composed of three single-phase diode rectifiers, which act as harmonic producing
loads in this chapter.

The PPF part of the LC-HAPF is composed of a LC filter, in which the coupling
C.y and L., are designed based on the average fundamental reactive power con-
sumption and the n;th harmonic current order of the loading. The reactance of C,;
and L., can be expressed as:

V2 1
Xcet = =7 +Xpet,  Xpet = 5 Xcer (4.1)
|OLy| m

where Vx is the RMS load voltage, Q. is the phase average fundamental reactive
power consumption of the loading. From (4.1), C,; can be expressed as:

_(n =1\ Oyl
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Fig. 4.5 System configuration of a three-phase four-wire center-split LC-HAPF

Then the coupling L.; can be expressed as:

1

La=——— 9~
(I’l] . 27If) 'Ccl

(4.3)

where n; is the tuned harmonic order. This L.; can be used to smooth the inverter
output current ripple.

4.3.1 Existing Problems of Conventional LC-HAPF [19-26]

The existing problems of conventional LC-HAPF are listed below:

(1) Seldom overall study on its resonance prevention capability, filtering perfor-
mance and system robustness.

(2) Its active VSI part is solely responsible for current harmonic compensation
and it can only inject a fixed amount of reactive power which is provided by
its coupling LC, thus the conventional LC-HAPF is a current
harmonic-oriented design compensating system. As a result, it cannot perform
satisfactory dynamic reactive power compensation because the load-side
reactive power varies from time to time.

(3) LC-HAPF and other HAPF topologies are all operating at a fixed dc-link
voltage level. Without adding extra soft-switching hardware components, they
cannot reduce its switching loss and switching noise during operation.
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(4) Its minimum inverter capacity requirement for reactive power and current
harmonic compensation has not been mathematically deduced.

In this chapter, the corresponding solutions for the existing problems of the
conventional LC-HAPF will be presented and discussed.

4.3.2 LC-HAPF Reference Compensating Current
Determination Based on Single-Phase Instantaneous
P-Q Theory

The compensation principle of the LC-HAPF is to generate a compensating current
to the utility, so that it corrects the power factor close to unity and cancels harmonic
currents. The reference compensating current calculation for the LC-HAPF can be
achieved by the well-known instantaneous three-phase p-q theory proposed by
Akagi et al. [27, 28] or the generalized single-phase p-g theory proposed by
Khadkikar et al. [29].

The instantaneous p-q theory was originally developed for three-phase
three-wire and four-wire systems [27, 28]. Recently, the p-g theory was devel-
oped and expanded for single-phase systems [29]. In addition, this single-phase p-
g theory can also be well applied to three-phase or even multiphase systems. The
single-phase p-¢ theory is based on an instantaneous 7/2 lag or /2 lead of voltage
and current to define the original system as a pseudo two-phase system. Thus, the
overall system can then be easily represented in a-f coordinates. The phase load
voltage v, and load current iz, (x = a, b, ¢) are considered as quantities on the o-
axis, whereas f-axis quantities are obtained by a n/2 lag or /2 lead of the phase
load voltage and load current [29]. The phase load voltage v, and current iy,
representation in a-f coordinates with a m/2 lag can be expressed as:

Vo Vx
[‘W] - [Vxej”/ ’ ] 4

i i
][]

where the subscript x = a, b, c. The phase instantaneous active power p;, and
reactive power g, can be expressed as:

Pre ) _ [ Vea - Vap } | (4.6)
qrx “Vxf TV irxp
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The p;. and g;, can also be expressed as:

Prx = Prx+ DL (4.7)

qrx = qrx + QL (4.8)

where pr, and g, represent the DC components responsible for instantaneous
fundamental active and reactive powers respectively, whereas py, and g, represent
the AC components responsible for harmonic power.

To compensate the reactive power and current harmonics generated by the load,
the reference compensating current i, , for each phase of the LC-HAPF can be
calculated by:

1

iCqu = A_x [_ont ﬁLx + Vxp * qu] (49)

where A, = v)zm + vfﬁ. The term py, in (4.9) can easily be extracted from p;, by
using a low-pass filter (LPF) or high-pass filter (HPF).

4.3.3 LC-HAPF Reactive and Harmonic Reference
Compensating Current Determination and PWM
Control Block Diagram

Figure 4.6 shows the reactive and harmonic reference compensating current
deduction and PWM control block diagram for the three-phase four-wire LC-HAPF
without dc-link voltage control, in which the dc link voltage control will be dis-
cussed in Sect. 4.5. After the instantaneous reference compensating current i,  is
determined, the final reference compensating current can be i, = i.,_, without the
dc control. Then the reference compensating current i, and the compensating
current i, will be sent to the current PWM control part and the PWM trigger signals
for the switching devices of the VSI can then be generated. And this control block
diagram will be applied for LC-HAPF in order to generate the required inverter
compensating currents.

In the following Sect. 4.4, the details of the LC-HAPF resonance prevention
capability, filtering performance and system robustness will be studied and dis-
cussed. After that, the dynamic reactive power compensation and dc-link voltage
control consideration issue for LC-HAPF will be presented and discussed in
Sect. 4.5. Then an adaptive dc-link voltage control scheme for LC-HAPF dynamic
reactive power compensation will be proposed in Sect. 4.6, so that the switching
loss and switching noise can be reduced without adding extra soft-switching
hardware components. In Sect. 4.7, the minimum inverter capacity design for the
LC-HAPF will be deduced and analyzed. Then, the design and performance of a
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Instantaneous Power Compensation Control Block
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Fig. 4.6 Reactive and harmonic reference compensating current deduction and PWM control
block diagram for the three-phase four-wire LC-HAPF

220 V/10 kVA three-phase four-wire LC-HAPF experimental prototype and its
corresponding experimental results will be provided in Sect. 4.8. Finally, the
summary for this chapter will be presented in Sect. 4.9.

4.4 Analysis of Three-Phase Four-Wire LC-HAPF
Compensating Performances

In this section, the steady-state compensating performances for the LC-HAPF will
be discussed, analyzed and compared with its pure passive power filter (PPF) part
by four evaluation indexes. They are capabilities: (1) to prevent the parallel reso-
nance between the PPF and the impedance of the power system, (2) to prevent the
series resonance of the PPF, (3) to improve the filtering performance of the PPF and
(4) to enhance the system robustness [30]. First of all, a single-phase harmonic
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equivalent circuit model of the three-phase four-wire LC-HAPF as shown in
Fig. 4.5 will be deduced and built. Based on the harmonic circuit model, the
steady-state compensating performances for both pure PPF part and LC-HAPF will
be presented and discussed. Then their corresponding simulation results will be
given to verify all the deduced and analyzed results. In the following, all the
analyses are based on sufficient dc-link voltage assumption.

4.4.1 LC-HAPF Single-Phase Harmonic Circuit Model

From Figs. 4.5 and 4.7 shows the LC-HAPF single-phase harmonic equivalent
circuit model, in which the nonlinear load and the active inverter part are modeled
as a harmonic current source I, and voltage source V,,,. The subscript ‘x’
denotes phase a, b, ¢ and the subscript ‘h’ denotes the harmonic component. V.,
and V,, are the system and load harmonic voltages, I, I, and I, are the system,
load and inverter compensating harmonic currents. Z, and Zppg;, are the harmonic
impedance of the power system and PPF respectively.

Provided that the inverter of the LC-HAPF is controlled by hysteresis PWM with
hysteresis error band H ~ 0, the inverter can be modeled as a current control
voltage source. The i, direction is given in Fig. 4.5,

When (i, — icn) = H, i.e. (i, — icn) >0, the inverter harmonic voltage can
be expressed as:

Vinvxlh = O-Svdcl = Kl . (iixh - icxh>7 Kl >0 (410)

When (i, — iear) < — H, ie. (i, — ion) <O,

Vinvxlh = *O-SVdcl - KZ . (ith - icxh); KZ >0 (411)
Fig. 4.7 LC-HAPF I i
single-phase harmonic circuit _,vzqu = V_Xh
model T ]cxh
=
|
Z
sth : | PPFh ILXh
@ ATENO
Vinv]xh
x=a, b, ¢
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Fig. 4.8 LC-HAPF single-phase harmonic circuit model: a V,;, = 0 and I, is considered only
and b a harmonic equivalent circuit model due to I, only

%

where i, represents the reference compensating harmonic current while i, rep-
resents the actual compensating harmonic current. As K| and K, are both in pos-
itive, v;,,qn can be expressed in a general form as:

Vinwain = K - (i:xh - icxh)7 K>0 (412)

s

In ideal case, i,;, should be equal to the load harmonic current i;,, that is
i%n = Irxh AS Ty, + ey = Iy, the inverter harmonic voltage can be expressed as:

Vinvxlh = Kl : isxha K>0 (413)

From (4.13), Figs. 4.8 and 4.9 show the LC-HAPF single-phase harmonic circuit
models due to load harmonic current i;,, or system harmonic voltage v,,,
components.

4.4.1.1 LC-HAPF Single-Phase Harmonic Circuit Model Due to I .},
Only

When the system voltage contains no harmonic component, that is Vi, = 0, the
LC-HAPEF single-phase harmonic circuit model due to load harmonic current I, ,, is
shown in Fig. 4.8a. From Fig. 4.8a,

sth + chh = ILxh (414)
K- Ixxh = cthPPFh - Ixthsh (415)

From Egs. (4.14) and (4.15), the harmonic currents flow into the power system
I, and the LC-HAPF [, due to I, only can be expressed as:
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Fig. 4.9 LC-HAPF single-phase harmonic circuit model: a I;,; = 0 and V., is considered only,
b a harmonic equivalent circuit model due to Vi, only

I Z,
Kop_i= =T (4.16)
I K+Zg, + Zpprn
chh _ K + Zsh

I K+Zg+ Zpprn

Kon_i = (4.17)

In a perfect LC-HAPF compensation, K, ;=0 and K. ; =1 should be
achieved so that the load harmonic current flows into the LC-HAPF (I..;, = I1.)
and the power system does not contain any harmonic current (I, = 0). In order to
achieve this objective, K should be very large. Figure 4.8b shows a harmonic
equivalent circuit model due to I;,; only. From Fig. 4.8b, it seems that the inverter
is equivalent as a large harmonic impedance which is connected in series with the
harmonic impedance of the power system Z,, so that it blocks the harmonic current
flowing into the power system and forces it to flow into the LC-HAPF as deduced
by (4.16) and (4.17). Therefore, the power system harmonic current I, can be
significantly reduced if K is significantly large.

4.4.1.2 LC-HAPF Single-Phase Harmonic Circuit Model Due to Vg,
Only

When the load current contains no harmonic components, that is I;,, = 0, the
LC-HAPF single-phase harmonic circuit model due to system harmonic voltage
Ve 1s shown in Fig. 4.9a. From Fig. 4.9a,

Ly = =L (4 1 8)
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K- sth — Lexn (ZPPFh + Zsh) + Vxxh (419)

From (4.18) and (4.19), the harmonic currents flow into the power system I,
and the LC-HAPF [, due to V,;, only can be expressed as:

I sxh 1
Kpp y=—t— 4.20
" Ve K+ Zo+ Zopen (4.20)

I cxh 1

O
o= sth K+ Zsh + ZPPFh

(4.21)

To minimize the effect of V,;, to the harmonic currents in the power system and
the LC-HAPF, K, , = 0 and K_,;, , = 0 should be achieved. In order to achieve
this objective, K should be very large. Figure 4.9b shows a harmonic equivalent
circuit model due to Vi, only. It seems that the inverter is equivalent to large
harmonic impedance which is connected in series with the harmonic impedance of
the power system Zg,, so that the effect of V,, to the harmonic currents in the power
system and the LC-HAPF can be significantly reduced if K is significantly large.

From (4.16), (4.17), (4.20) and (4.21), with superposition theorem, the power
system harmonic current /,,;, and the LC-HAPF compensating harmonic current /.,
due to Vi, and I, can be expressed as:

1 ZppFi
Ipp y=————Vop+——20 | 4.22
M T K 4 Zsn + Zpprn T K+ Zsn + Zpprn bt ( )
1 K + Zsh
Ih v=a—7—"—7—Vir+ ——5—7771 4.23
" T KA Za+ Zepen " K+ Zay + Zppen ( )

When only pure PPF part is used, K = 0 in (4.12) and (4.13), (4.22) and (4.23)
become:

1 Zpprn
I =—— _ceeen 424
S Zo A Zeeen " Zg+ Zppen ( )
1 Zrh
1. =—V _ 4.25
N T+ Zoeen " Zo+ Zopen ( )

Compared with (4.22) and (4.23), as K> 0, it is obvious that when the
LC-HAPEF is operating, the harmonic current compensation capability is better than
the case when only its pure PPF is used. Equation (4.22) also shows that the
LC-HAPF can compensate the harmonic current caused by both the nonlinear load
and the distorted system voltage. Moreover, it has the capability to suppress the
parallel resonance between the PPF and the impedance of the power system, and
also the series resonance of the PPF. In addition, the robustness of the system may
also be improved when the LC-HAPF is adopted. In the following, the capabilities
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of the LC-HAPF to prevent both parallel and series resonance phenomena, to
improve filtering effects of the PPF and to enhance the system robustness will be
analyzed, discussed and verified by simulations.

4.4.2 Simulation Investigation of LC-HAPF Steady-State
Compensating Performances

In the section, the LC-HAPF steady-state compensating performances are studied
and discussed with: (1) capability to prevent the parallel resonance, (2) capability to
prevent the series resonance, (3) capability to improve the filtering performance of
the PPF and (4) capability to enhance the system robustness. Then the corre-
sponding simulation results for the three-phase four-wire LC-HAPF as shown in
Fig. 4.5 will be presented to illustrate and verify the PPF and LC-HAPF
steady-state compensating performance analyses. The nonlinear load as shown in
Fig. 4.5 is composed of three single-phase diode bridge rectifiers, which acts as
harmonic producing load in the simulation. Simulation studies were carried out by
using Power System Computer Aided Design (PSCAD)/Electro Magnetic Transient
in DC System (EMTDC). Table 4.3 shows the simulated system parameters for
analyzing the LC-HAPF steady-state compensating performances, where the cou-
pling inductor L., and capacitor C,; are tuned at Sth order harmonic frequency. To
simplify the verification, the dc-link voltage of LC-HAPF is supported by external
dc voltage source and the simulated three-phase loadings are balanced. In addition,
the LC-HAPF reference compensating current can be determined by using the
control block diagram as shown in Fig. 4.6. Then hysteresis PWM is applied for
generating the required compensating current. Thus, the compensating current error
Ai. together with hysteresis band H will be sent to the current PWM control part
for generating the trigger signals to the switching devices (IGBTs) of the VSIL.

4.4.2.1 LC-HAPF Capability to Prevent Parallel Resonance

The parallel resonance between the PPF and the power system impedance may
occur when the operating conditions of the power system change, which results in a
harmonic current amplification phenomenon. The magnitude diagrams of
Ko i = LI, (4.16) with respect to frequency f and power system inductance Ls

Table 4.3 LC-HAPF

ianlated System parameters Physical values
simulated system parameters — :
for its steady-state wx=a b o, f 220 V, 50 Hz
compensating performance Ly, Let, Ca 1, 5 mH, 80 pF
analyses Vacrvs Vaerr 50V
Lyr1e Cniie Rypix 30 mH, 200 pF, 26 Q
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Fig. 4.10 Capability to prevent the parallel resonance between the PPF and the impedance of the
power system: a when only PPF is utilized (K = 0) and b LC-HAPF is employed (K = 50)

when only PPF is employed or the LC-HAPF is employed are shown in Fig. 4.10,
in which Fig. 4.10 can help to analyze the LC-HAPF capability to prevent parallel
resonance. From Fig. 4.10a, when only pure PPF is used, K = 0 in (4.16), the
harmonic current amplification phenomenon will occur from the f range of 177-
250 Hz with Ls range from 0.1 to 5 mH respectively. When the LC-HAPF is
employed, the harmonic current amplification phenomenon disappears, as shown in
Fig. 4.10b. As a result, Fig. 4.10 clearly shows that the LC-HAPF has the capa-
bility to prevent the parallel resonance phenomenon, in which the pure PPF cannot
avoid this phenomenon.

Figure 4.11 shows the corresponding simulation results for the parallel reso-
nance prevention capability: (a) when only PPF is utilized and (b) LC-HAPF is
employed. When Ls increases from 1 to 5 mH, the parallel resonance between the
PPF and the power system impedance can occur close to the 3rd order harmonic
frequency. This results in a 3rd order harmonic current amplification phenomenon
at the system side. Figure 4.11a shows that the pure PPF compensation will enlarge
the 3rd order harmonic current at the power system side from 2.01 to 4.59 A.
This phenomenon deteriorates the compensation results as shown in Fig. 4.11a, in
which the total harmonic distortion of the system current (THDisx = 54.5 %) and
load voltage (THDvx = 10.5 %) do not satisfy the international standards
(THDisx < 15 % for IEEE*, THDisx < 20 % (I <40 A) for Hong Kong Power
Quality Standard, THDvx < 5 % for IEEE) [31-33]. Moreover, the system neutral
current isn has been increased from 5.84 to 13.83 A with PPF compensation.

A With reference to the IEEE standard 519-2014 [31], the acceptable Total
Demand Distortion (TDD) < 15 % with Ig~/I; is in 100 < 1000 scale (a small
rating 220 V — 10 kVA LC-HAPF prototype). The nominal rate current is assumed
to be equal to the fundamental load current at the worst case analysis, which results
in THD = TDD < 15 %.

When the LC-HAPF is employed, Fig. 4.11b shows that the LC-HAPF can
obtain better compensation results without the occurrence of the parallel resonance
phenomenon. The amplitudes of system current fundamental, 3rd harmonic and
other harmonic contents have been significantly reduced. The nonlinear system
current and system displacement power factor (DPF) after the LC-HAPF



—_
— —
~

=Esa

IS
&
8

»N
5]
8

System Voltage (V)
°

-400

uEgp THDVSX =0.5% oo

4 Hybrid Active Power Filters

(1)400 . wppTHDVS = 03% oo
s S

S 200

&

£

3 o

[

$ 200

2

»n

THDisx=54.5% DPF=0.998 Isn=13.83Arms
=lst =lIsc =isn

-400

THDisx=5.6%
30 lsa Isi

DPF=1.000 Isn=1.16Arms
Isc =Isn

g ks
z H 15
:
g - 5 s
& g
“ a0 ? a0
: iLx=22.0% DPF=0.845 ILn=5.84A - THDILx=30.0% Yy -y
TR - A HDIL=22.0%, | - L rms o.mia o [HDILN=30.0%, | DPF=0838 | = 1Ln=8.56Arms
- \ \ / N \ \ /
15 < 15
g =
£
£ o g
o 3
£ o
g 15 B 15
- o
3
-30 0
1430 1440 1450 1460 1470 1480 149  1.500 1430 1di0 140 1de0 140 1ds0 140 1800
Time (s) Time (s)
ILa Isa (I ILa Isa
” ‘ ’ ‘ ” ‘ :
Ml
ni=HEy ol B il L NG
HBHBANEEREDE 3|60 £3 18 [ A EJ O K 6 £ D 00 60 i DE B BEEDE HF e NBEERDBEEREDE
[3] 2.00628 [3] 4.59456 [3] 2.74349 [3] 0.34295

Fig. 4.11 Simulation results for the parallel resonance prevention capability: a when only PPF is
utilized i Compensation performance, ii Frequency spectrum of phase a load current iLx and
system current is x after compensation and b LC-HAPF is employed i Compensation performance,
ii Frequency spectrum of phase a load current iLx and system current is x after compensation

Table 4.4 Simulation results before and after PPF and LC-HAPF compensation

Before compensation

After compensation

Capabilities THDj, |is, |DPF |THDy |is, DPF |THD,,
(%) () (%) ) (%)
Prevent parallel PPF 22.0 5.84 10.845 | 545 13.83 |0.998 | 10.5
resonance LC-HAPF |30.0 8.56 |0.838 5.6 1.16 | 1.000 | 4.8
Prevent series PPF 30.0 8.10 | 0.838 | >75.0 9.25 10999 | 5.2
resonance LC-HAPF |30.0 8.56 | 0.838 8.5 1.17 | 1.000 | 4.6
Improve filtering PPF 30.0 8.10 |0.838 | 37.0 9.30 | 1.000 | 2.1
performance LC-HAPF |30.0 8.56 |0.838 5.0 0.90 |1.000 | 2.2
Enhance system PPF 25.4 6.86 |0.837 | 44.0 10.20 {0.999 | 5.5
robustness LC-HAPF |30.0 8.56 | 0.838 5.2 1.05 | 1.000 | 4.0

compensation become sinusoidal (THD;,, = 5.6 %) and unity respectively, and the
THD.,, of load voltage is 4.8 %, in which the LC-HAPF compensation results as
summarized in Table 4.4 satisfy the international standards [31-33]. Moreover,
is» has been reduced from 8.56 to 1.16 A after LC-HAPF compensation.
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Figure 4.11 and Table 4.4 clearly illustrate that the LC-HAPF has the capability to
prevent the parallel resonance, in which the pure PPF cannot avoid this phe-
nomenon. These simulation results verify the previous PPF and LC-HAPF parallel
resonance prevention analyses as shown in Fig. 4.10.

4.4.2.2 LC-HAPF Capability to Prevent Series Resonance

The PPF may fall into series resonance when the system harmonic voltage produces
excessive harmonic current flowing into the PPF. The magnitude diagrams of
Keon v = Lo/ Vi (4.21) with respect to fand L values when only PPF is employed
or LC-HAPF is employed are shown in Fig. 4.12, which can help to analyze the
LC-HAPEF capability to prevent series resonance.

From Fig. 4.12a, when only pure PPF is used, K = 0 in (4.21), the PPF harmonic
current amplification phenomenon due to the distorted system voltage V,, will
occur from the f range of 177 to 250 Hz with Ls range from 0.1 to 5 mH
respectively. When the LC-HAPF is employed, the PPF harmonic current ampli-
fication phenomenon disappears, as shown in Fig. 4.12b. As a result, Fig. 4.12
clearly illustrates that the LC-HAPF has capability to prevent the series resonance
as well while the pure PPF cannot.

Figure 4.13 shows the corresponding simulation results for the series resonance
prevention capability when: (a) only PPF is utilized and (b) LC-HAPF is employed.
Since the coupling L. and C, are tuned at 5th order harmonic frequency as shown
in Table 4.3, when 4 % of 5th order harmonic voltage is added to the system
voltage, the series resonance of the PPF can occur close to the 5th order harmonic
frequency. This results in a 5th order harmonic current amplification phenomenon
at the system side. Figure 4.13a shows that the pure PPF compensation will enlarge
the 5th order harmonic current at the power system side from 0.74 to 5.94 A. This
phenomenon deteriorates the compensation results as shown in Table 4.4, in which
the total harmonic distortion of the system current (THD;,, > 75.0 %) and load
voltage (THD,, =5.2 %) do not satisfy the international standards [31-33].
Moreover, iy, has been increased from 8.10 to 9.25 A with the PPF compensation.

a b) 20
@), (b)
16
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Fig. 4.12 Capability to prevent the series resonance between the PPF and the impedance of the
power system: a when only PPF is utilized (K = 0) and b LC-HAPF is employed (K = 50)
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When the LC-HAPF is employed, Fig. 4.13b shows that the LC-HAPF can
obtain better compensation results without the occurrence of the series resonance
phenomenon. The amplitudes of system current fundamental, 5th harmonic and
other harmonic contents have been significantly reduced. The nonlinear system
current and system DPF after LC-HAPF compensation become sinusoidal
(THD;,, = 8.5 %) and unity respectively, and the THD,, of load voltage is 4.6 %, in
which the LC-HAPF compensation results as summarized in Table 4.4 satisfy the
international standards [31-33]. Moreover, i, has been reduced from 8.56 to
1.17 A with the LC-HAPF compensation. Figure 4.13 and Table 4.4 clearly
illustrate that the LC-HAPF has the capability to prevent parallel resonance while
the pure PPF cannot. These simulation results verify the previous PPF and
LC-HAPF series resonance prevention analyses as shown in Fig. 4.12.

4.4.2.3 LC-HAPF Capability to Improve Filtering Performance
From Table 4.3 and Fig. 4.14a shows a bode diagram of K, ; = L/l g (4.16)

with respect to different K values due to the effect of I;,;,. Figure 4.14b shows a
bode diagram of K, , = I/l (4.20) with respect to different K values due to
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Fig. 4.14 Capability to improve the filtering performance of the PPF (K = 0, K = 25, K = 50)
due to: a I, and b V,

the effect of V,,. When only PPF is utilized, K = 0 in (4.16) and (4.20), the
harmonic current amplification phenomenon occurs at @ = 1120 rad/s. However,
when the LC-HAPF is employed (K =25 or K = 50), all the harmonic current
components can be significantly decreased as shown in Fig. 4.14a, b. And the
harmonic current amplification phenomenon also disappears. In addition, the larger
the K value, the better the filtering performance can be obtained and vice versa.
These results verify that the active inverter part of the LC-HAPF is capable of
improving the filtering performance of the PPF and compensate the harmonic
current caused by both I, and V.

Figure 4.15 shows the corresponding simulation results for the filtering capa-
bility when: (a) only PPF is utilized and (b) LC-HAPF is employed. Referring to
Fig. 4.15a, when only pure PPF is employed, the amplitudes of the system current
fundamental and 5th harmonic have been reduced. The system DPF becomes unity
and the 5th harmonic current at the power system side reduces from 0.74 to 0.26 A.
However, a larger THDisx is obtained after PPF compensation, from 30.0 to
37.0 %, which is due to the decrease of the system current fundamental component
and increase of the 3rd order harmonic current at system side. The THD,, of load
voltage after PPF compensation is 2.1 %, in which the compensation results are
summarized in Table 4.4. The THD;;, after PPF compensation does not satisfy the
international standards [31, 33]. Moreover, i, has been increased from 8.10 to
9.30 A with PPF compensation.

When the LC-HAPF is employed, Fig. 4.15b shows that the amplitudes of the
system current fundamental, Sth harmonic and other harmonic contents have been
significantly reduced. The nonlinear system current and system DPF after
LC-HAPF compensation become sinusoidal (THD;;, = 5.0 %) and unity respec-
tively, and the THD,,, of load voltage is 2.2 %, in which the LC-HAPF compen-
sation results as summarized in Table 4.4 satisfy the international standards
[31-33]. Moreover, iy, has been reduced from 8.56 to 0.90 A with LC-HAPF
compensation. Figure 4.15 and Table 4.4 clearly illustrate that the LC-HAPF has
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Fig. 4.15 Simulation results for improving the filtering effects of the PPF: a when only PPF is
utilized i Compensation performance, ii Frequency spectrum of phase a load current iLx and
system current is x after compensation andb LC-HAPF is employed i Compensation performance,
ii Frequency spectrum of phase a load current iLx and system current is x after compensation

the capability of improving the filtering performance of the PPF. These simulation
results verify the previous PPF and LC-HAPF filtering performance analyses as
shown in Fig. 4.14.

4.4.2.4 LC-HAPF Capability to Enhance System Robustness

Due to the effect of I;,;, Fig. 4.16 shows a bode diagram of K, ; = L/l (4.16)
with respect to different L, values when only PPF or LC-HAPF is employed. When
only the PPF is utilized, the harmonic current amplification point will move to the
lower frequency side as the increase of L, value and vice versa, as shown in
Fig. 4.16a. Moreover, L, value affects the system filtering performance. However,
when the LC-HAPF is employed, the harmonic current amplification point disap-
pears no matter what the L; value is. Moreover, the harmonic current compensation
characteristic of the LC-HAPF does not vary at all, as shown in Fig. 4.16b.

Due to the effect of Vj,;, Fig. 4.17 shows a bode diagram of Kj,;, , = L/ Vi
(4.20) with respect to different L; values when only PPF or LC-HAPF is employed.
Similar as Fig. 4.16, when only the PPF is utilized, harmonic current amplification
point will move to the lower frequency side as the increase of L, value and vice
versa, as shown in Fig. 4.17a. However, when the LC-HAPF is employed, the
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Fig. 4.16 Capability to enhance the system robustness due to I;,,: a when only PPF is utilized
(K =0) and b LC-HAPF is employed (K = 50)
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Fig. 4.17 Capability to enhance the system robustness due to V,,: a when only PPF is utilized
(K =0) and b LC-HAPF is employed (K = 50)

harmonic current amplification point disappears no matter what the L; value is.
Furthermore, the harmonic current compensation characteristic of the LC-HAPF
does not vary at all, as shown in Fig. 4.17b. And it has also a large attenuation of
more than —34 dB, which reflects I, caused by V,,, can be significantly reduced
when the LC-HAPF is adopted. Both results in Figs. 4.16 and 4.17 verify that the
LC-HAPF has the capability of enhancing the system robustness even though L is
varying.

Figure 4.18 shows the corresponding simulation results for the system robust-
ness enhancement capability when: (a) only PPF is utilized and (b) LC-HAPF is
employed. When L increases from 1 to 3 mH, the harmonic current amplification
point of the pure PPF will move to the lower frequency side. This results in
enlarging the 3rd order harmonic current at the power system side as shown in
Fig. 4.18a. Even though the amplitudes of the system current fundamental and 5th
harmonic contents have been reduced, a larger THD;,, is obtained with PPF
compensation, from 25.4 to 44.0 %. The increase of THD;,, is due to the decrease
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of the system current fundamental component and the increase of the 3rd order
harmonic current. Compared with Figs. 4.15a and 4.18a yields a larger THD;,, with
PPF compensation because increasing L; to 3 mH moves the current amplification
point closer to the 3rd order harmonic frequency, thus amplifying the amplitude of
the 3rd order harmonic current more and deteriorating the compensating perfor-
mance. The THD,, of load voltage with PPF compensation is 5.5 %, in which the
compensation results are summarized in Table 4.4. Neither THD;,, nor THD,,. with
PPF compensation satisfy the international standards [31-33]. Moreover, iy, has
been increased from 6.86 to 10.20 A after PPF compensation.

When the LC-HAPF is employed, Fig. 4.18b shows that even though L
increases from 1 to 3 mH, the LC-HAPF can still obtain good and similar com-
pensation results compared with Fig. 4.15b. The amplitudes of system current
fundamental, 5th harmonic and other harmonic contents have been significantly
reduced. The nonlinear system current and system DPF after LC-HAPF compen-
sation becomes sinusoidal (THD;,, = 5.2 %) and unity, and the THD,, of load
voltage is 4.0 %, in which the LC-HAPF compensation results as summarized in
Table 4.4 satisfy the international standards [31-33]. Furthermore, i, has been
reduced from 8.56 to 1.05 A with LC-HAPF compensation. Figure 4.18 and
Table 4.4 clearly illustrate that the LC-HAPF has the capability of enhancing the
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system robustness. These simulation results verify the previous PPF and LC-HAPF
in enhancing system robustness analyses as shown in Figs. 4.16 and 4.17.

The above simulation results and Table 4.4 clearly illustrate that the LC-HAPF
is capable of preventing the parallel resonance between the PPF and the power
system impedance, the series resonance of the PPF, improving the filtering char-
acteristic of the PPF and enhancing the system robustness. Furthermore, the PPF
and LC-HAPF steady-state compensating performance analyses are verified.

4.5 Dynamic Reactive Power Compensation and DC-Link
Voltage Control Consideration for LC-HAPF

LC-HAPEF is normally designed to deal with harmonic current rather than reactive
power compensation [ 19-26], the inverter part is responsible to compensate harmonic
currents only and the passive part provides a fixed reactive power value. In practical
case, the load-side reactive power consumption usually varies from time to time, and if
the loading mainly consists of induction motors such as centralized an
air-conditioning system, its reactive power consumption will be much higher than the
harmonic power consumption [34, 35]. As a result, it is necessary for the LC-HAPF
[19-26] to perform dynamic reactive power compensation together with harmonic
current compensation. Otherwise, the larger the reactive power compensation dif-
ference between the load-side and the coupling LC is, the larger the system current loss
will be and it reduces the network efficiency. Moreover, there is not much detailed
discussion on the LC-HAPF dc-link voltage control and also the inherent influence
between the reactive power compensation and dc-link voltage control methods.

Due to the limitations among the existing literatures, this section aims to
investigate and explore different dc-link voltage control techniques for the
three-phase four-wire LC-HAPF while performing dynamic reactive power
compensation:

(1) By using the traditional dc-link voltage control scheme as active current
component, an extra start-up dc-link pre-charging control process is necessary
[3, 30, 36, 37].

(2) To achieve the start-up dc-link voltage self-charging function, a dc-link
voltage control as reactive current component for the LC-HAPF is proposed
[38]; however, the LC-HAPF with this dc-link voltage control scheme fails to
provide dynamic reactive power compensation.

(3) A novel dc-link voltage control method is proposed for achieving start-up
dc-link self-charging function, dc-link voltage control and dynamic reactive
power compensation. Moreover, the proposed method can be applied for the
adaptive dc-link voltage reference control as will be discussed in Sect. 4.6.

Given that most of the loads in the distribution power systems are inductive, the
following analysis and discussion will only focus on inductive loads [39].
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4.5.1 Modeling of the DC-Link Voltage in a LC-HAPF
Single-Phase Equivalent Circuit

From the three-phase four-wire center-spilt LC-HAPF as shown in Figs. 4.5 and
4.19 shows its single-phase equivalent circuit model. From Fig. 4.19, the com-
pensating current i, can flow either C,y; or Cyr and returns through the neutral
wire in both directions of IGBT switches. The dc-link capacitor voltages can be
expressed as:

. 1 .
Vaciv = /ldclUdt7 Vi = — C /ldclLdt (4.26)
dclL

dclU

where i,y and iy, are the dc currents of upper and lower dc-link capacitor
respectively, and

ldely = Sxicm ide1l, = (1 - Sx)icx (427>

Substituting (4.27) into (4.26), the completed upper and lower dc capacitor
voltages V. and V., become,

1
/sxicxdl7 VdCIL = - / (1 — sx)icxdt (428)

Vaciv =
CdclL

delU

_J 1, i Tiw=1 T =0
= {0, f T=0 T =1 (4.29)

In (4.28) and (4.29), S, represents the switching function of one inverter leg in
x phase based on the hysteresis current PWM method, which is the binary state of
the upper and lower switches (T, and T,,). When the positive direction of i, is
assumed as shown in Fig. 4.19, the switching logic for each phase is formulated as

~ Cdc1y

g

~ Cde1,

Fig. 4.19 Single-phase equivalent circuit model of a three-phase four-wire center-spilt LC-HAPF
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[40]: if ix > (i%, + hp), Ti is ON and T, is OFF, then S, = 15 if icy < (i, — hp), T1x
is OFF and T, is ON, then S, = 0, where i}, is the reference compensating current,
and A, is the width of the hysteresis band.

According to the mathematical model in (4.28), if compensating current i, > 0,
the upper dc-link voltage V. is increased during switching function S, = 1, while
the lower dc-link voltage V,.; is decreased for S, = 0. The inverse results can be
obtained if i., < 0. Figure 4.20 shows the operation of a single-phase voltage
source inverter under different switching modes by using hysteresis current PWM
method [41]. The changes of the upper and lower dc-link voltages V. and V.
under different modes are summarized in Table 4.5.

Table 4.5 The change of the capacitor voltages (Vy., Vier) under different Modes

Switching lex Switching Operating Change of dc capacitor
mode conditions function circuit voltage
a iy >0 s, =0, T, =0, Inverter Vo1 decrease
Ty =1
b iy <0 sy =0,T,=0, Rectifier V411 Increase
Ty =1
c iy <0 si=1, T, =1, Inverter Vaerv decrease
sz - 0
d ix >0 sy =1, T, =1, Rectifier Vielu increase
T, =0
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4.5.2 Influence on DC-Link Voltage During LC-HAPF
Performs Reactive Power Compensation

This section aims to present and analyze the influence on the dc-link voltage when
LC-HAPF performs reactive power compensation. Through this analysis, the
dc-link capacitor voltage will either be increased or decreased during fundamental
reactive power compensation under insufficient dc-link voltage. Moreover, the
influence is proportional to the difference between the LC-HAPF compensating
current i, and its pure reactive reference iy, , where the subscript ‘f*, ‘p” and ‘¢’
denote fundamental, active and reactive components.

4.5.2.1 Reactive Power Compensation Under Sufficient DC-Link
Voltage

Under sufficient dc-link voltage, the compensating current generated by the
LC-HAPF i, can track its pure reactive reference i, as shown in Fig. 4.21, thus the
amplitude I;fq = I .. Provided that the hysteresis band is small enough, the PWM
switching function in (4.29) will be evenly distributed as shown in Fig. 4.21.
According to Table 4.5, the LC-HAPF will be changed between the operating modes
of rectifier and inverter (modes a, b, ¢ and d), and keeping the average dc-link
voltage as a constant. In ideal lossless case, the dc-link voltage will not be affected
when LC-HAPF performs reactive power compensation during I7,, ~ I, case.

Fig. 4.21 i, and ijqu during P i*
I, ~ Iy case and the }CX X fy
corresponding switching /
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4.5.2.2 Reactive Power Compensation Under Insufficient DC-Link
Voltage

Under insufficient dc-link voltage, the compensating reactive current generated by
the LC-HAPF i, cannot track its pure reactive reference i, , in which there are two
possible situations: (1) If the amplitude 1., > I iﬂ], thus the instantaneous rela-

C.
tionship gives ice > iy, during i., >0, and i <7, during i, <0 as shown in
Fig. 4.22; (2) If the amplitude 1. <[, the opposite instantaneous relationship is
given as shown in Fig. 4.23.

Hence, to force the compensating current i., to track its reference i}

cxfg
correspondingly:

(1) For I, > Ijqu case as shown in Fig. 4.22, when the hysteresis band is rela-
tively small compared with the difference between i., and i’ ., their instan-

exfg?
taneous relationship between i, and i;,, can be expressed as follow,
Qo > (iﬁx/q +hy) for in>0 (4.30)
B < (ijx/q —hy) for i,<O0 (4.31)

Fig. 4.22 i and I’
I > Ifqu case and the

corresponding switching
function

'y during
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. rectifier

inverter

Switching function

Time (s)
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Based on the hysteresis PWM technique, the switching functions of (4.30) and
(4.31) are,

sc= 1Ty =1, T =0) for iw>0 (4.32)
5 =0T, =0,To,=1) for i,<O0 (4.33)

According to Table 4.5, the PWM switching sequences in (4.32) and (4.33)
drive the LC-HAPF to be operated in rectifier mode (modes b and d), thus
increasing the average dc-link capacitor voltage. When the dc-link voltage is
increased to sufficient high level, the LC-HAPF will change the operating mode
from 1., > I:qu into I:qu =~ I, and keeping the dc-link voltage value. Therefore, for
a given fundamental reactive current reference ifqu U >1 :.‘qu), the dc-link voltage
of LC-HAPF will be self-increased to a voltage level, which lets the reference
compensating current can be tracked.

(2) For ch<ljqu
between ic, and i, is:

case as shown in Fig. 4.23, the instantaneous relationship

i< (i, +hy) for iy >0 (4.34)

CXfy

Qx> (izqu —hy) for i.,<O0 (4.33)
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The switching functions of (4.34) and (4.35) are,

s =0(T1,=0,T,,=1) for i, >0 (4.36)

sy = (T, =1,T,,=0) for i,<O0 (4.37)

According to Table 4.5, the PWM switching sequences in (4.36) and (4.37)
drive the LC-HAPF to be operated in inverter mode (modes a and c), thus
decreasing the average dc-link capacitor voltage.

4.5.3 LC-HAPF Operation by Conventional DC-Link
Voltage Control Methods

4.5.3.1 DC-Link Voltage Control Method as Active Current
Component

Traditionally, if the indirect current (voltage reference) PWM control method is
applied, the dc-link voltage of the inverter is controlled by feedback the dc control
signal as reactive current component [3, 20-25, 30, 36, 37]. However, when the
direct current PWM control method is applied in [3, 20-25, 30, 36, 37], the dc-link
voltage should be controlled by feedback the dc control signal as active current
component. Both dc-link voltage control methods are equivalent to each other.
When LC-HAPF performs reactive power compensating, the reference com-
pensating current i, is composed by,
=i +i T+ (4.38)

: " . =i .
cx CXfy CXfp__de LXM CXfp__de

%
where i,

component, i; . is the loading fundamental reactive current which is equal to the

4o 18 the de-link voltage controlled signal related to active current

%

reference compensating fundamental reactive current iy, i\ = ij ..

However, to perform the reactive power and dc-link voltage control action in
(4.38), a sufficient dc-link voltage should be provided to let the compensating
current i, track with its reference 7. As a result, this conventional dc-link voltage
control method fails to control the dc-link voltage during insufficient dc-link
voltage, such as during start-up process. Due to this reason, when this dc-link
voltage control method is applied in LC-HAPF, an extra start-up pre-charging
control process is necessary. Usually, a three-phase uncontrollable rectifier is used
to supply the initial dc-link voltage before operation [3, 30, 36, 37]. Moreover,
when the adaptive dc-link voltage control idea that will be discussed in Sect. 4.6 is
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applied, the reference dc-link voltage may be changed from a low level to a high
level, at that occasion, the dc-link voltage may be insufficient to track the new
reference value. Therefore, the conventional dc-link voltage control with
pre-charging method may not work properly in the adaptive dc-link voltage con-
trolled system.

The LC-HAPF in [20, 21, 23] showed that this dc-link voltage control can
achieve start-up self-charging function without any external supply. That is actually
due to the LC-HAPF in [20, 21, 23] is initially operating at I, > if‘xﬁl condition.
According to the analysis in Sect. 4.5.2, during .. > i, condition, the dc-link
voltage will be self-charging to a sufficient voltage level which lets the LC-HAPF’s
compensating current track with its reference i, ~ icx. Thus, the de-link voltage

can be maintained as its reference value in steady-state. However, if the LC-HAPF

is initially operating at I, <i,;, condition, this dc-link voltage control method fails

to carry out this function.

Figures 4.24 and 4.25 show the simulation results of LC-HAPF start-up process
by using the conventional dc-link voltage control method under different cases.
From Fig. 4.24, when LC-HAPF starts operation during 1., > I:;fq condition, the
dc-link voltage V. can carry out the start-up self-charging function and i, ~ i, in
steady-state. On the contrary, from Fig. 4.25, neither the dc-link voltage nor the
reactive power compensation can be controlled when LC-HAPF is operating during

Iy <I7,;, condition, in which the simulation results verified the previous analysis.



4.5 Dynamic Reactive Power Compensation ... 199

80 _=udc = udc_ref
707 / V*dcl
60
50 1
40 1
30 1
20 1 e Vdcl
101
0

DC-link voltage
v)

6.0 _"® lcaref i* " Ica

401
2.0 4
0.0
201
4.0
6.0
0500 0.510 0520 0.530 0.540 0.550 0.560 0.570 0.580 0.590 0.600

Compensating
current (A)

1 X

Time (s)

Fig. 4.25 V., i, and i, during ch<IZan condition with conventional dc-link voltage control

method as active current component

4.5.3.2 DC-Link Voltage Control Method as Reactive Current
Component

According to the analysis in Sect. 4.5.2, the dc-link voltage can be influenced by

*

varying the reference compensating fundamental reactive current i, under
insufficient dc-link voltage, thus the dc-link voltage can also be controlled by
utilizing this influence. Hence, this dc-link voltage control method can achieve the
start-up self-charging function. Moreover, it has been shown that this method is
more effective than that conventional method as active current component [38].
However, when it is being applied in LC-HAPF, although the dc-link voltage can
be controlled as its reference value, the LC-HAPF cannot perform dynamic reactive
power compensation. The corresponding reason can be derived as follow:

By using the dc-link voltage control method as reactive current component, the
reference compensating current i, is composed by,

o w o "
Ty = log, =1y, e, o (4.39)

where 7., , is the dc-link voltage control signal related to reactive current

component.
Based on the analysis in Sect. 4.5.2, under insufficient dc-link voltage, the
change of the dc-link voltage is direct proportional to the difference between the

amplitude of ., and Ic*qu. Moreover, it has been concluded that for a given reference
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i;fq Iy <I:qu), the dc-link voltage will be self-charging to a voltage level, then i,
can trend its reference i, gradually, and maintaining this voltage level in
steady-state. Therefore, to control the dc-link voltage V. as its reference V},, it
will have a corresponding fixed reference value, that is I,z = I jfqu _fixed- Therefore,

C.

V;cl I =I* _Vdc‘l =0 (440)
Py _ived

Equation (4.40) implies that to control the dc-link voltage, the LC-HAPF must

restrict to provide a fixed amount of reactive power. Therefore, by using the dc-link

voltage control method as reactive current component, the LC-HAPF fails to per-

form dynamic reactive power compensation, in which the corresponding simulation

and experimental results will be given in Sect. 4.5.5.

4.5.4 Proposed DC-Link Voltage Control Method

From the previous analysis, the dc-link voltage control method as active current
component is effective only under sufficient dc-link voltage. In an insufficient
dc-link voltage case, such as the LC-HAPF start-up process, both dc-link voltage
control and reactive power compensation may fail. On the contrary, when the
dc-link voltage control method as reactive current component is applied, the dc-link
voltage control can be effectively controlled with start-up self-charging function.
However, by using this control method, the LC-HAPF fails to perform dynamic
reactive power compensation. As a result, a novel dc-link voltage control method
by feedback the dc voltage controlled signal as both reactive and active current
components is proposed in this section, so as to combine the advantages of both
methods, which can achieve the start-up self-charging function, dc-link voltage
control and dynamic reactive power compensation.

Quc = —kq - (V;cl = Vier) (4.41)
Poe =k, - (Vi — Vacr) (4.42)

where Q. and P, are the dc control signals related to the reactive and active
current components, k, and k,, are the corresponding positive gains of the controller.
By using the proposed control method, the reference compensating current i, is
calculated by,

ok o
lcx - lcx,cq + lcxfp_d(,

(4.43)

v "
where Iey, = L, + Loy
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In (4.42), P,. represents the active power flow between the source and the
LC-HAPF compensator, P,. > 0 means the LC-HAPF absorb active power from
the source, P;. < 0 means the LC-HAPF inject active power to the source.
According to the analysis in Sect. 4.5.2, the dc-link voltage will be charged for
I, > I:fqu, and discharged for ICX<I;}fq during performing reactive power com-
pensation. When V., — V4 > 0, in order to increase the dc-link voltage, I:qu
should be decreased by adding a negative Q,. On the contrary, when
Vi1 — Vaer <0, in order to decrease the dc-link voltage, I:qu should be increased by
adding a positive Q.. Therefore, the “—” sign is added in (4.41). In this book, in
order to simplify the control process, Q. and P, in (4.41) and (4.42) are calculated
by the same controller, i.e. k; = k,.

Uty lexty_de> lexp_ac 1 (4.43) are calculated by using the three-phase instanta-

neous p-q theory [28]:

iLa \Fl 1/vV2 1 0 vy 0 0 0
3vov§ﬁ

"y | = 1/vV2 —1/2 V3)2 0 wvovy —vovg 0
licﬂ, l/\/§ —1/2 —\/§/2 0 Vovp VoV qap
(4.44)
gaﬁ,_,,,. 5 [Uv2 o1 0 vy 0 0 0
chby,  ac = 3 5 — VoVy  — VoV
! 1/vV2 —1/2 /3)2 0 51| O
o 32
Lecyy _ae B 1/V2 —1/2 —/3)2 0 wvovg vovu Quc
(4.45)
beap_ > [/v2 o1 0 v 00 0
l.cbf,,_df = 3 W 1/\/5 -1 /2 \/?;/2 0 VoVe  —VoVp Pdc
’:cf,,_d( 0%ap | 1 /\/§ -1/2 - \/5/2 0 wvovg  vovy 0
(4.46)

where g, are the three-phase loading reactive power consumption, v,, vg and v, are
the load voltages on the a-f-0 coordinate after the Clarke transformation [28], and
Vap = vi + vﬁ.

Figure 4.26 shows the control process of the proposed dc-link voltage control
method, when the LC-HAPF starts operation, the dc-link voltage is insufficient to
let the compensating current i, track with its reference i7,.. Thus, the dc-link voltage
control signal as reactive current component will dominate the control action in

(4.43). During this period, the dc-link voltage will be self-charging under I, > I,

condition. As the dc-link voltage is increased and approaching the reference value,
the compensating current tracking ability of the LC-HAPF will be improved
gradually, and the control signals Q,., P4 in (4.41) and (4.42) will also be
decreased gradually, thus i, =~ i, eventually. According to the analysis in
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Fig. 4.26 Control process of the proposed dc-link voltage control method

Sect. 4.5.2, the dc-link voltage will not be affected by the reactive component when
i, =~ i.. Hence, during this period, the dc-link voltage control signal as active
current component will dominate the control action in (4.43). Therefore, the pro-
posed dc-link voltage control method can be realized as:

(1) Qg control signal is used to step change the dc-link voltage under insufficient
dc-link voltage, which can be effectively applied for start-up process and the
adaptive dc-link voltage control that will be discussed in Sect. 4.6;

(2) P, control signal is used to maintain the dc-link voltage under sufficient
dc-link voltage.

By using the proposed method, the LC-HAPF can compensate the reactive
power consumed by the load, and keep the dc-link voltage as its reference one as
shown in Fig. 4.26 (Qr ~ Ovar, Vgy = Ve = Vj; = 30 V). Therefore, the
proposed dc-link voltage control method can effectively control the dc-link voltage
without any extra pre-charging process and lets the LC-HAPF provide dynamic
reactive power compensation. Table 4.6 shows the comparison among the con-
ventional and proposed dc-link voltage control methods.

Figure 4.27 shows the control block diagram of the proposed dc-link voltage
control method of the three-phase four-wire LC-HAPF, in which it consists of three
main control blocks: (1) instantaneous power compensation control block, (2) pro-
posed dc-link voltage control block, and (3) final reference compensating current
PWM control block.
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Table 4.6 Comparison between conventional and proposed dc-link control methods

Functions DC-link voltage control methods
Feedback as active current Feedback as reactive Proposed
component [3, 20-25, 30, 36, 37] | current component [38]
Start-up X o (6}
self-charging
DC-link voltage O* o (6]
control
Adaptive dc-link O* o (6]

voltage control

Dynamic reactive O* X (6]

power compensation

Note O—function, X—failure, O*—conditionally can work under sufficient current tracking
ability

ey

(@)

3

For the instantaneous power compensation control block, the loading funda-
mental reactive currents i;fq are determined by the three-phase instantaneous
p-q theory [28].

The dc-link voltage is controlled by the proposed method (feedback dc con-
trolled signal as both reactive and active current components). The dc-link
voltage V. is firstly obtained by summing up the measured upper and lower
dc-link capacitor voltages (V.1 and V,.17). A low pass filter (LPF) is applied
to filter out high frequency noise. Then the signal V., is compared with the
reference value V., and their difference will input to the proportional P
controller to obtain the corresponding dc-link voltage control signals Q. and
P If the proportional gains kg, k, in (4.41) and (4.42) are set too large, the
stability of the control process will be degraded, and produces a large fluc-
tuation during steady-state. On the contrary, if proportional gains are set too
small, a long settling time and a large steady-state error will occur. Moreover,
the dc-link voltage control method can also be applied by PI controller, the
integral term can accelerate the movement of the process towards the reference
value and eliminate the residual steady-state error. Since the parameter design
of the dc-link voltage controller is not the main theme of this section, a pure
proportional controller with an appropriate value is selected. A limiter is
applied to avoid the overflow problem of the controller. After that, the final
dc-link voltage control reference currents izqu_ dc,izxﬁ,_dc can be calculated, and
they will be sent to current PWM control block to perform the dc-link voltage
control.

Then the final reference compensating current i, can be obtained by summing
up the 77, . it 4o and iz, 4. Then iy, together with compensating current .,
will be sent to the current PWM control part for generating PWM trigger
signals to control the power electronic switches of the inverter.
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Fig. 4.27 Control block diagram for the three-phase four-wire LC-HAPF by using proposed
dc-link voltage control method
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4.5.5 Simulation and Experimental Verifications

To verify: (1) Failure dynamic reactive power compensation with dc-link voltage
control as reactive current component; and (2) Effectiveness of the proposed dc-link
control method. The simulated and experimental results in a small rating
three-phase four-wire center-split LC-HAPF under balanced linear inductive
loading will be given. Table 4.7 lists the simulated and experimental system
parameters for the LC-HAPF as shown in Fig. 4.5. The coupling LC is designed
based on: (1) an approximate mean value of the reactive power consumption for the
Ist loading and both 1st and 2nd loadings, (2) the switching frequency with
switching ripple less than 0.5 A with a maximum dc-link voltage of V},, /2 =40 V.
When the harmonic currents compensation is also taken consideration, the resonant
frequency of the coupling LC should also be considered. Moreover, the dc-link
voltage reference V)., /2 =30V in Table 4.7 is designed based on the minimum
dc-link voltage requirement that will be discussed in Sect. 4.6. Simulation studies
were carried out by using PSCAD/EMTDC. All control algorithms mentioned in
this section are adopted in the LC-HAPF hardware prototype and implemented by a
digital signal processor (DSP-TMSS320F2407).

Figure 4.28 shows the simulated and experimental reactive power at load side
Or+ When the 1st inductive loading is connected, the simulated Q;.r for
three-phase are 121.8 var with displacement power factor (DPF) = 0.786, while the
three-phase experimental Qp, are 116.0, 114.5 and 117.8 var with DPF = 0.804,
0.815 and 0.812 respectively. When both the Ist and 2nd inductive loadings are
connected, the simulated Q,, for three-phase increase to 176.6 var with
DPF = 0.833, while the three-phase experimental Q;,, increase to 171.4, 168.6,
172.7 var with DPF = 0.835, 0.842 and 0.841 respectively.

4.5.5.1 Failure Dynamic Reactive Power Compensation with DC-Link
Voltage Control as Reactive Current Component

With the implementation of the dc-link voltage control as reactive current com-
ponent, Figs. 429 and 4.31 illustrate the whole simulated and experimental

Table 4.7 LC-HAPF system parameters for simulations and experiments

System parameters Physical values
Source V. 55V
Lg 1 mH
LC-HAPF: (Reactive power supplied by passive part Qs L., C. 6 mH, 140 pF
_ppr = —145.1 var) Vii/2 30V
Ist inductive loading: Q; = 121.8 var R;y, Ly |12 Q, 30 mH
Ist and 2nd inductive loadings: Q;.r = 176.6 var R;y, Ly |12 Q, 30 mH
Rpo, Lyy | 17.5 Q, 30 mH
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Fig. 4.28 Load-side fundamental reactive power: a simulated Q;,5 and b experimental Q; .

dynamic reactive power compensation process for the loading situations as shown
in Fig. 4.28, they include the waveforms of: (1) V10, Ve, (2) Qe of phase a,
(3) Qy.f of phase a. Figures 4.29a and 4.31a show that the simulation and experi-
mental V.1, Vaerr level can be controlled as the reference value without any
pre-charging process, and being kept at its reference 30 V no matter when the 1st
inductive loading or 1st and 2nd loadings are connected, this verifies the effec-
tiveness of the dc-link voltage control as reactive current component. Since the
simulated and experimental loadings are approximately balanced, only phase
a compensation diagrams will be illustrated. Even though the dc-link voltage can be
controlled by this method, Figs. 4.29b and 4.31b illustrate that the simulated and
experimental fundamental compensating reactive power Qs are approximately
fixed, no matter when the 1st or 1st and 2nd loadings are connected. That means the
LC-HAPEF fails to provide dynamic reactive power compensation by using this
dc-link voltage control method. This result verifies the previous analysis in
Sect. 4.5.3. As a result, the residual reactive power shown in Figs. 4.29c and 4.31c
will be supplied by the source side with simulated and experimental Q. of phase
a ~ —18.4,45.1 and —23.5, 45.2 var respectively when the 1st inductive loading or
Ist and 2nd loadings are connected.

Tables 4.8 and 4.9 summarize the dynamic reactive power compensation results
of the LC-HAPF based on the dc-link voltage control method with reactive current
component. The three-phase simulated and experimental DPF of source-side can be
improved when the 1st loading (or both the 1st and 2nd loadings) is connected. The
simulated and experimental THD;,, are within 2.0 and 7.0 %. Figures 4.29, 4.31
and Tables 4.8 and 4.9 verify the previous analysis of the LC-HAPF failure in
dynamic reactive power compensation by using conventional dc-link voltage
control method as reactive current component.

4.5.5.2 Effectiveness of Proposed DC-Link Voltage Control Method

With the implementation of the proposed dc-link voltage control method, Figs. 4.30
and 4.32 illustrate the LC-HAPF whole simulated and experimental dynamic
compensation process for the loading situations as shown in Fig. 4.28.
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Fig. 4.29 LC-HAPF whole simulated process with dc-link voltage control method with reactive
current component: a Vge1p, Vaeiz, b Qcyr of phase a, ¢ Oy of phase a

Figures 4.30a and 4.32a show that the simulation and experimental Vg.iy, Vgeir
level can also be kept at its reference 30 V with start-up self-charging function, this
also verifies the effectiveness of the proposed dc-link voltage control method.
Compared with Figs. 4.29b, 4.31b, 4.30b and 4.32b clearly illustrate that the
LC-HAPF can inject different reactive power values, in which the simulated and
experimental Q.. are varying with respect to different loading situations. As a
result, the simulated and experimental Q,,can be approximately compensated close
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Table 4.8 Simulation results before and after LC-HAPF reactive power compensation with
de-link voltage control method with reactive current component

Before compensation After compensation
Different cases Orx DPF . Oy DPF [ THD;,,
(var) (A) | (van) @A) (%)

1st inductive loading 121.8 0.786 |3.60 -18.4 0.991 2.90 1.2

Ist and 2nd inductive 176.6 0.833 |6.03 45.1 0986 |5.10 1.0
loading

Table 4.9 Experimental results before and after LC-HAPF reactive power compensation with
de-link voltage control method with reactive current component

Before compensation After compensation
Different cases: Ory DPF Lox O DPF Tox THD;;,
(var) (A) | (var) GV

inductive loading 168.6 0842 [591 |[42.1 0980 522 |35

172.7 0.841 590 |534 0976 |5.05 |35

Ist inductive A |1160 |0.804 (348 |-235 |0974 |298 |69
loading B 1145 [0.815 |[3.58 [-303 (0972 |3.07 |65
C 1178 [0.812 |[358 |[-22.6 (0974 290 |59
Ist and 2nd A 1714 ]0.835 |[585 [452 0977 |5.16 |3.1
B
C

to zero no matter when the 1st loading or both 1st and 2nd loadings are connected,
as shown in Figs. 4.30c and 4.32c, in which the simulated and experimental Q. are
significantly smaller than that of the dc-link voltage control method as shown in
Figs. 4.29c and 4.31c.

Moreover, the proposed dc-link voltage control method can provide satisfactory
dynamic response for LC-HAPF as shown in Figs. 4.33 and 4.34. In Fig. 4.33a and
4.34a, there is a period of time for which the source current waveforms are being
settled, this time period is due to the LC-HAPF carrying out start-up self-charging
process, the dc-link voltage is being charged from O V to its reference value
V5.1/2 =30 V. Therefore, during the start-up process, the larger the dc-link voltage
reference, the longer the source current settling time. After the dc-link voltage is
controlled as the reference value, the LC-HAPF can have a fast dynamic response
of less than one cycle after the 2nd loading is connected as shown in Fig. 4.33b and
4.34b.

Tables 4.10 and 4.11 summarize the dynamic reactive power compensation
results of the LC-HAPF based on the proposed dc-link voltage control method. The
three-phase simulated and experimental DPF of source-side can be further
improved compared with the results of dc-link voltage control method as reactive
current component. The simulated and experimental THD;,, are within 3.0 and
5.0 %. Figures 4.30, 4.32 and Tables 4.10 and 4.11 verify the effectiveness of the
proposed dc-link voltage control method.
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Fig. 4.30 LC-HAPF whole simulated process with proposed dc-link voltage control method:
a Vaeru, Vaeir, b Qe Of phase a, ¢ Oy, of phase a

In this section, as the LC-HAPF is tested under linear inductive loadings, there
does not contain any harmonic components in source current i, in ideal case. The
simulated and experimental THD;, values are actually generated by the switching
ripples with a fixed hysteresis band. Moreover, the large THD differences between
the simulated and experimental results as shown in Tables 4.8, 4.9, 4.10 and 4.11
are actually due to the difference of component parameters, the resolution of the
transducers, the signal conditional circuit error, the digital computation error and

the noise in the experiment.
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Fig. 4.31 LC-HAPF whole experimental process with dc-link voltage control method with
reactive current component: a Vigeip, Vierz, b Qe of phase a, ¢ Qg of phase a

Compared the simulated and experimental results with the dc-link control
method as reactive current component, the proposed method can: (1) also achieve
the dc-link voltage control with start-up self-charging function; (2) provide dynamic
reactive power compensation; (3) further improve the DPF; and (4) further reduce
the RMS value of source current i,. As a result, it is clearly shown that LC-HAPF
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Fig. 4.32 LC-HAPF whole experimental process with proposed dc-link voltage control method:
a Vierus Vacir, b Qe of phase a, ¢ Oy, of phase a

adopting the proposed dc-link voltage control method can provide better com-
pensating performances.

This section investigates different dc-link voltage control techniques for a
three-phase four-wire center-split LC-HAPF during dynamic reactive power com-
pensation. By using conventional dc-link voltage control method as active current
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Fig. 4.33 Simulated dynamic response of LC-HAPF by using proposed dc-link voltage control
method when: a the 1st loading is connected; b both the Ist and 2nd loadings are connected

component, an extra start-up dc-link pre-charging control process may be neces-
sary. To achieve the start-up dc-link self-charging function, the dc-link voltage
control as reactive current component can be applied; however, it fails to provide
dynamic reactive power compensation. Through the proposed dc-link voltage
control method:

(1) The LC-HAPF can achieve start-up dc-link self-charging function;

(2) The dc-link voltage of the LC-HAPF can be controlled as its reference level,

(3) The LC-HAPF can provide dynamic reactive power compensation;

(4) The adaptive dc-link voltage reference control that will be dscussed in
Sect. 4.6 can be implemented.

Finally, simulation and experimental results of the three-phase four-wire
center-spilt LC-HAPF under dynamic reactive power compensation application
are presented to verify all discussions and analysis, and also show the effectiveness
of the proposed dc-link voltage control method.
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Fig. 4.34 Experimental dynamic response of LC-HAPF by using proposed dc-link voltage control
method when: a the 1st loading is connected; b both the 1st and 2nd loadings are connected

Table 4.10 Simulation results before and after LC-HAPF reactive power compensation with
proposed dc-link voltage control method

Before compensation

After compensation

Different cases Ory (var) | DPF | iy (A) | Qs (var) | DPF | i, (A) | THD;s (%)
1st inductive loading 121.8 0.786 |3.60 -7.1 0.999 |2.85 1.5

1st and 2nd inductive 176.6 0.833 | 6.03 16.4 0.998 |5.01 24

loading

Table 4.11 Experimental results before and after LC-HAPF reactive power compensation with
proposed dc-link voltage control method

Before compensation After compensation
Different cases Oy (var) |DPF | i (A) | Q¢ (var) |DPF | i (A) | THD;, (%)
Ist inductive A |116.0 0.804 |3.48 -84 0.986 [2.89 |49
loading B |114.5 0.815 [3.58 |-14.9 0.985 [3.02 |47

C [117.8 0.812 |3.58 4.3 0.987 |2.80 |47
Ist and 2nd A | 1714 0.835 |5.85 18.7 0.991 [5.05 |29
inductive loading | B | 168.6 0.842 | 591 12.1 0.992 |5.16 |35

C | 1727 0.841 [5.90 24.5 0.989 [4.93 |35
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4.6 Adaptive DC-Link Voltage Control Strategy
for LC-HAPF and APF in Reactive Power
Compensation

All LC-HAPF and other HAPFs discussed in [1-26] are based on fixed dc-link
voltage reference. As the switching loss is directly proportional to the dc-link
voltage [42], the system will obtain a larger switching loss if a higher dc-link
voltage is used, and vice versa. Therefore, if the dc-link voltage can be adaptively
changed according to different loading reactive power situations, the system can
obtain better performance and operational flexibility.

To achieve the above functionality of the LC-HAPF, which is lacking among the
existing literatures, an adaptive dc-link voltage control strategy for the three-phase
four-wire LC-HAPF in dynamic reactive power compensation is given in this
section. Compared with the traditional fixed dc-link voltage controlled LC-HAPF,
the adaptive control strategy for the LC-HAPF can obtain less switching loss,
switching noise and improve the compensating performance. Moreover, this control
strategy can also be migrated into the APF application.

Given that most of the loads in the distribution power systems are inductive, the
following analysis and discussion will only focus on the inductive loads [39].
Moreover, as this section mainly focuses on LC-HAPF reactive power compen-
sation, only the reactive power compensation analysis, simulation and experimental
results are included in this section.

4.6.1 Single-Phase Fundamental Equivalent Circuit Model
of LC-HAPF

From the three-phase four-wire LC-HAPF circuit configuration as shown in
Fig. 4.5, its single-phase fundamental equivalent circuit model is shown in
Fig. 4.35, where the subscript ‘f* denotes the fundamental frequency component. In
the following analysis, all the parameters are in RMS values.

For simplicity, v, and v, are assumed to be pure sinusoidal without harmonic
components (i.e. \7X = \7X = f\_/'v’ = V,). From Fig. 4.35, the inverter fundamental

voltage phasor ‘vale can be expressed as:
‘_}invb(f = Vx - ZPPF)" . 70(7‘7 (447)

where prpf is fundamental impedance of the PPF, the fundamental compensating

current phasor fo of the LC-HAPF can be expressed as fo = Loy +jlexsy, the
subscripts ‘p’ and ‘g’ denote the active and reactive components. /g, is the fun-
damental active current for compensating loss and dc-link voltage control while
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Fig. 4.35 LC-HAPF
single-phase fundamental AN
equivalent circuit model

Zpprf Iy

SEN O

Vinv] xf

I, is the fundamental reactive current for the compensating reactive power of the

loading. Simplify (4.47) yields,

—

Vinlef = Vinquﬁ) +] Vinlefq (448)

where

Vintsp =V + leyyXppry (4.49)

Vinlefq = - cxprPPFf

Xppry is the fundamental reactance of the PPF. From (4.49), the fundamental
compensating active current /.. and reactive current Iy, are:

Vinvl)gfq

Iy = — 4.50
i Xprry (4.50)
Vinv xfp — Vx
Logy =~ 7% (4.51)
‘ Xppry

As the LC-HAPF aims to compensate fundamental reactive power, the
steady-state active fundamental current /.4, from the inverter is small (I 5 ~ 0)
when the dc-link voltage control is implemented. Thus, V1.4 ~ 0. Therefore, the
effect of dc-link voltage control for the LC-HAPF system can simply be neglected
during steady-state situation.

For a fixed dc-link voltage level V .1y = Ve = 0.5V, and modulation index
m is assumed to be m ~ 1, Ry, represents the ratio between the dc-link voltage
Vicv and V. with the load voltage V. reference to neutral n, it can be expressed
as:

:tVinlef £0.5 Vdcl /\/E Vdcl
Ryae = = == )
Ve Vi 2V2V,

(4.52)

where Vi, 1, is the inverter fundamental RMS voltage.
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Fig. 4.36 Q. per Vf with respect to different Ry, for: a APF, and b LC-HAPF

The PPF is composed of a series connection of an inductor (L.;) and a capacitor
(C.1), and C,.; dominates the passive part at fundamental frequency, it is a
LC-HAPF system. However, if the PPF is changed to a pure inductor (L.,), the
original LC-HAPF system will become an APF. With the effect of dc-link voltage
control being neglected (I = 0) at steady-state, substituting Xpppr= Xy .o¢ for
APF and Xpprr = — !XCclf — XLclf’ for LC-HAPEF, their corresponding fundamental
reactive power injection range Q..s per square of the load voltage level V2 with
respect to different Ry, can be shown in Fig. 4.36.

Since Qs should be negative for inductive loading compensation, from
Fig. 4.36, the ratio Ry, for APF must be at least greater than one, while the ratio
Ry,. for LC-HAPF can possibly be smaller than one while within a specific
operational range. This means that the required V.1y, Vye1z of APF must be larger
than the peak of load voltage V, regardless of the coupling inductance L, while the
Vv and Vg of LC-HAPF can be smaller than the peak of V. within that
operational range. When Ry,. = 0, it means that both the APF and LC-HAPF are
operating at pure passive filter mode, in which the APF at Ry,. = 0 cannot support
inductive loading compensation while the LC-HAPF can support a fixed Q.
Furthermore, this fixed Q.., depends on the passive part parameters. Figure 4.36
clearly illustrates the main advantage of LC-HAPF over the traditional APF under
inductive loading reactive power compensation. Under the same dc-link voltage
consideration in Fig. 4.36b, when the coupling C.; or L. of the LC-HAPF
increases, the upper limit of ’Q(-xf| for inductive loading compensation region
increases, on contrary, the lower limit of ’me’ for that region decreases and vice
versa.
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4.6.2 LC-HAPF Required Minimum DC-Link Voltage
with Respect to Loading Reactive Power

Based on the previous assumption that the active fundamental current I, is very
small (I, ~ 0) at steady-state, the inverter injects pure reactive fundamental
current z.xf = jl.xfy- Therefore, the ‘vale in (4.48) contains pure active part as
Viwip = Vi — Losy (Xcxty — Xrc1y) only. Then the LC-HAPF single-phase funda-
mental phasor diagram under inductive loading can be shown in Fig. 4.37. The
vertical y-axis can be considered as the LC-HAPF active power (P/W) when

locating V., onto the LC-HAPF horizontal reactive power (Q/VAR) x-axis. The

circle and its radius of Vi,,lef dc = 0‘5\/\{“’"‘ represent the LC-HAPF fundamental

compensatlon range and maximum compensation limit under a fixed dc-link volt-
age. Vpprf is the fundamental voltage phasor of the coupling LC. Ifo is the
fundamental load current phasor, where I, 4 and I, are the fundamental load
active and reactive currents. In Fig. 4.37, the white semi-circle area represents
LC-HAPF active power absorption region, whereas the shaded semi-circle area
represents LC-HAPF active power injection region. When \7,-,”,1xf is located inside
the white semi-circle area, the LC-HAPF is absorbing active power, on the other
hand, the LC-HAPF is injecting active power when ‘Z,llef is located inside the
shaded semi-circle area. When ‘vale is located onto the Q/VAR x-axis, the
LC-HAPF does not absorb active power. From Fig. 4.37, the LC-HAPF reactive
power compensation range with respect to different dc-link voltage can be deduced.

4.6.2.1 Full-Compensation by Coupling LC

When the loading reactive power Q;. is fully compensated by coupling LC
(Qry = |Qexr_prr|) as shown in Fig. 4.37a, the inverter does not need operation
and output voltage (Vi 1.5 = 0). Thus, the switching loss and switching noise will
be minimized in this situation. The LC-HAPF compensating reactive power Qs is
equal to the reactive power provided by the coupling LC Qs ppr:

V2
ch = ch __PPF — — —x <0 (453)
! d Xcerf — XLclf’

where Q..s ppr < 0 means injecting reactive power or providing leading reactive
power.
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Fig. 4.37 LC-HAPF single-phase fundamental phasor diagram under inductive loading during:
a full-compensation, b under-compensation and ¢ over-compensation by coupling LC

4.6.2.2 Under-Compensation by Coupling LC

When the loading reactive power Qg is under-compensated by coupling LC
(Qfo > |chf_PpF|) as shown in Fig. 4.37b, in order to generate a larger Iz, the
inverter should output a negative inverter fundamental active voltage (V145 < 0)
as indicated by (4.51). With a fixed V,.;, the LC-HAPF maximum compensating
reactive power limit Qs ;uqx can be deduced through the under-compensation by
coupling LC case, which can be expressed as:

~ V2(1+ [Rvac|)
(Xcery — Xeeiy|

chf_max - (454>

= Qey_ppr(1+ |Ryac|) <0

4.6.2.3 Over-Compensation by Coupling LC

When the loading reactive power Q. is over-compensated by coupling LC

(Qfo < |chf_ppp‘) as shown in Fig. 4.37c, in order to generate a smaller Iz, the
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inverter should output a positive inverter fundamental active voltage (V145 > 0)
as indicated by (4.51). With a fixed V., the LC-HAPF minimum compensating
reactive power limit Qs i, can be deduced through the over-compensation by
coupling LC case, which can be expressed as:

V2(1 — |Ryge
chf_max = _M = chf_PPF(1 - |RVdc|) <0 (455)
|ch1f - XLc1f|

From (4.54) and (4.55), the larger the dc-link voltage V. or ratio Ry, the
larger the LC-HAPF compensation range can be obtained, and vice versa. However,
a larger dc-link voltage will increase the LC-HAPF switching loss and generate a
larger switching noise in the system, while a smaller dc-link will deteriorate the
compensating performances if Qy,sis outside the LC-HAPF compensation range.
When V., is designed, the LC-HAPF reactive power compensating range for
loading Q;.r can be expressed as:

’chf_min| S Qfo S ‘chf_max‘ (456)

Table 4.12 summarizes the LC-HAPF reactive power compensating range
deduction steps under a fixed dc-link voltage Vo1 = Vierr = 0.5V When Q¢
is perfectly compensated by the coupling LC, the minimum dc-link voltage
requirement (Vg1 = Vg1 = 0) can be achieved. In addition, the larger the reac-
tive power compensation differences between the loading and the coupling LC, the
larger the dc-link voltage requirement and vice versa. From Table 4.12, the required
minimum dc-link voltage V. min, in €ach phase can be found by setting Qp,¢ ~

‘chfvmin’ ~ ‘chf,max‘ il’l (456)’

1_| Ory

Vel _mine = 2V2V,
exf _PPF |

(4.57)

Table 4.12 LC-HAPF reactive power compensation range deduction steps under a dc-link
voltage Vie1u = Vaerr = 0.5 Ve

1 With a fixed dc-link voltage Vi = Vaerr = 0.5V
- v (4.53)
Qc’xf _PPF Xeoy — Xu1f| <
chfAmax = chfAPPF(l + |Rde‘|) <0 (454)
chf_min = chf_PPF(l - |RVdc|) <0 (455)
_ | v 4.52
Where Ry — ‘ - ﬁi&‘ 4.52)
2 LC-HAPF reactive power compensating range for loading Q¢ (4.56)
|chf_min| S QLAf S |chf_max}
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in which (4.57) can be applied for the adaptive dc-link voltage control algorithm.
Once the Q;, is calculated, the corresponding Ve mine in €ach phase can be
obtained. Then the final three-phase required minimum dc-link voltage Vi ., can
be chosen as follow:

Vdcl_min = maX(Vdcl_minaa Vdcl_minba Vdcl_minc) (458)

In next section, the adaptive dc-link voltage controller for the three-phase
four-wire LC-HAPF as shown in Fig. 4.5 will be given so that the LC-HAPF
reactive power compensation range can be determined, switching loss and
switching noise can be reduced, while comparing with the traditional fixed dc-link
voltage LC-HAPF.

4.6.3 Adaptive DC-Link Voltage Controller
fJor a Three-Phase Four-Wire LC-HAPF

Figure 4.38 shows the adaptive dc-link voltage control block diagram for the
three-phase four-wire LC-HAPF in dynamic reactive power compensation, which
consists of three main control blocks: the instantaneous power compensation
control block, the adaptive dc-link voltage control block, and the final reference
compensating current and PWM control block.

4.6.3.1 Instantaneous Power Compensation Control Block

For the instantaneous power compensation control block, the reference compen-
sating currents for LC-HAPF (i.,_,, the subscript x = a, b, ¢ for three phases) are
determined by the single-phase instantaneous p-q theory [29] as discussed in
Sect. 4.3.2.

4.6.3.2 Adaptive DC-Link Voltage Control Block

The adaptive dc-link voltage control block consists of three parts: (1) the deter-
mination of adaptive minimum dc-link voltage V.1 jin, (2) the determination of
final reference dc-link voltage level V., and (3) the dc-link voltage feedback P/PI
controller.

(1) Determination of Adaptive Minimum DC-link Voltage: Initially, the loading
instantaneous fundamental reactive power in each phase g, ¢ (x = a, b, ¢) can
be calculated using single-phase instantaneous p-q theory [29] and low-pass
filters. Usually, —qy x¢#/2 can keep as a constant value for more than one cycle,
thus the loading fundamental reactive power consumption Q,.in each phase
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Fig. 4.38 Adaptive dc-link voltage control block diagram for the three-phase four-wire LC-HAPF

(©))

can be approximately treated as Qs ¥ —q./2. Then the required minimum
dc-link voltage Vc1_mine for compensating each phase Q;.r can then be cal-
culated using (4.57), where V, is the RMS load voltage and Q.. pprcan be
obtained according to (4.53). The adaptive minimum dc-link voltage will be
equal to Vi in, Which can be determined by (4.58). To implement the
adaptive dc-link voltage control function for the three-phase four-wire
LC-HAPF, V;.1_muin can simply be treated as the final reference dc-link volt-
age V. It is obvious that as the loading reactive power consumption (Qy )
changes, the system will adaptively yield different Vi e and Vaey min
values.

Determination of Final Reference DC-link Voltage Level: On contrary to the
first part, this adaptive control scheme may frequently change the dc voltage
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reference V, in practical situations, because the loading is randomly deter-

mined by electric users (different Q, ). Then this frequent change would cause

a rapid dc voltage fluctuation, resulting in deterioration of the LC-HAPF

operational performances [43]. In order to alleviate this problem, a final ref-

erence dc-link voltage level determination process is added as shown in

Fig. 4.38. The final reference dc-link voltage V. is classified into certain
levels (Vicas Vacws s Vaemaxs Vaca < Vaes--- < Vaemax) for selection, so that V7,
can be maintained as a constant value within a specific compensation range.
From Fig. 4.38, when the input V.1 ,,,;,, is less than the lowest dc voltage level
Vacas the final reference dc-link voltage will be V), = Vg, Otherwise, the
steps should be repeated until Vi .., is found to be less than a dc-link
voltage level. However, if V.1 ., 18 greater than the maximum voltage level
Vaemax> the final reference dc-link voltage will be V., = Viemax. In this way,
the dc-link voltage fluctuation problem under the adaptive dc voltage control
method can be lessened.

(3) DC-link Voltage Feedback P/PI Controller: The LC-HAPF can effectively
control the adaptive dc-link voltage and reactive power by providing feedback
of the dc-link voltage error signal as both reactive and active current com-
ponents (Q;., P;.) as discussed in previous Sect. 4.5. For the i., direction as
shown in Fig. 4.5, Q.. and P, can be expressed as:

Qdc = _kq . (V;cl — Vdcl) (459)
Pac =k - (Vier = Vaer) (4.60)

If the i., direction is opposite as the one shown in Fig. 4.5, the polarity of Q.
(4.59) and P,. (4.60) will be inverse, in which Q,. aims to change the dc-link
voltage level due to adaptive dc voltage control and start up the dc-link
self-charging function, while P, aims to maintain the dc-link voltage due to the
system loss. k, and k, are the corresponding positive proportional gains of the
controller. If the proportional gains k, and k, are set too large, the stability of the
control process will be degraded, and a large fluctuation during steady-state will be
produced. On the contrary, if they are set too small, a long settling time and a large
steady-state error will occur. To simplify the control process, Q. and P in (4.59)
and (4.60) are calculated by the same controller, i.e. k;, = k,, and an appropriate
value is selected. Actually, the adaptive control scheme can apply either P or PI
controller for the dc-link voltage control. Even though the P controller yields a
steady-state error, it is chosen because it is simpler and has less operational machine
cycles in the DSP, therefore it can yield a faster response when compared to the PI
controller. If the dc-link voltage with zero steady-state error is taken into consid-
eration, PI controller is appreciated. A limiter is applied to avoid the overflow
problem of the controller. With the help of the three-phase instantaneous p-q theory
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[27, 28], the dc-link voltage V., can track its reference V), in which the details
will be discussed in the following.

From [27, 28], the three-phase instantaneous load voltages (v, vy, V) on the a-b-
¢ coordinates can be transformed into those on the a-f-0 coordinates by the Clarke
transformation:

Vo S[UvV2 V2 12 ] v
vy | = \[g 1 —1/V2 —1/V2 | |w (4.61)
Vg 0 V3/2 —V3/2] v

Then the three-phase dc voltage control reference compensating currents in a-f3-
0 coordinates can be calculated via (4.62):

lc0_de 1 v O 0 0
lco_de | = - 0 wvovy —vovp || Pac (4.62)
lep_de a0 vovg  vove | | Que

where v,, v, vy are the load voltages on the o-B-O0 coordinate after the Clarke
transformation, viﬁ =2+ vf,, P, and Q. are the feedback dc-link voltage con-
trolled signals as active and reactive current components, which can be determined
by (4.59) and (4.60). Finally, the three-phase dc voltage control reference com-
pensating currents i., 4. in a-b-c coordinates can be obtained by the inverse matrix
of Clarke transformation in a-B-O coordinates, then the dc-link voltage V. can
track its reference V},; by changing the dc voltage reference compensating currents
(icx dc)-

ica_de AR 0 ic0_de
icb_dc = \/; 1/\/2 71/2 \/§/2 icocAdc (463)

icc_dc 1/\/§ —1 /2 —\/5/2 ic[)’_dc

Therefore, the adaptive dc-link voltage control scheme for the LC-HAPF can
then be implemented under various inductive linear loading conditions. In addition,
the LC-HAPF initial start-up dc-link self-charging function can also be carried out
by the adaptive dc-link voltage control scheme.

4.6.3.3 Final Reference Compensating Current and PWM Control
Block

The hysteresis PWM or triangular carrier-based sinusoidal PWM method can be
applied in the PWM control part. After the process of instantaneous power com-
pensation and adaptive dc-link voltage control blocks as in Fig. 4.38, the final
reference compensating current i, can be obtained by summing up the i., , and
icx qc- Then the final reference and actual compensating currents 7, and i., will be
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sent to the PWM control part, and the PWM trigger signals for the switching
devices can then be generated. If the three-phase loadings are unbalanced, the dc
capacitor voltage imbalance may occur, the dc capacitor voltage balancing concepts
and techniques in [41] can be applied to balance the V, .1y and V. ; under the
adaptive dc voltage control method. The adaptive dc-link voltage controlled
LC-HAPF can compensate the dynamic reactive power and reduce the switching
loss and switching noise. In subsequent sections, the LC-HAPF simulated and
experimental compensation results using the adaptive dc-link voltage control
algorithm will be given, compared with a fixed dc controlled LC-HAPF.

4.6.4 Simulation and Experimental Verifications
of the Adaptive DC-Link Voltage Controller
for the Three-Phase Four-Wire LC-HAPF

Since this part aims to verify the adaptive dc-link voltage controlled LC-HAPF for
reactive power compensation in a three-phase four-wire power system, the chosen
Ist and 2nd testing loadings are linear inductive, so it is not necessary for the
coupling LC to be tuned at a harmonic current order of the loading. Table 4.13 lists
the simulated and experimental system parameters for the LC-HAPF. When the
loading reactive power consumption is closed to that provided by the coupling LC
of the LC-HAPF, the dc-link voltage requirement can be low. For L., = 6 mH,
C.; = 140 pF, the coupling LC supports a fixed reactive power of
‘chf_PPF’ = 145.1var, in which the L., is designed based on the switching fre-
quency with switching ripple less than 0.5 A under a maximum dc-link voltage of
Vaeivs Vaerr, = 40 'V consideration.

The triangular carrier-based sinusoidal PWM method with current error limiter is
applied so that the compensating current error must be within the triangular wave.
And the frequency of the triangular wave is set to f;,; = 7.5 kHz. To simplify the
verification, the simulated and experimental three-phase loadings are approximately
balanced as shown in Fig. 4.39, so that the difference between V. and V. is

Table 4.13 LC-HAPF system parameters for simulations and experiments

System parameters Physical
values

Vi f 55V, 50 Hz
L, 0.5 mH

L., =6 mH, Resistor R;; . and inductor L; ;. for 1st inductive 10 ©, 30 mH
C. = 140 pF loading

|Qcrr pprl = 145.1 var | Resistor Ry 74, and inductor L;;,, for 2nd 22 Q, 30 mH

inductive loading
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Fig. 4.39 Loading reactive power Q,,: a simulated Oy, and b experimental Q;,r

small (Vje1p ® Vyer) during the adaptive dc-link voltage control. As discussed
before, to alleviate the dc-link voltage fluctuation problem under the adaptive
control method, the final reference dc-link voltage V., can be classified into certain
levels for selection, in which V}, is set to have four levels (Vye1, Vaerr, = 10, 20,
30 and 40 V) for the following simulation and experimental verification.

Simulation studies were carried out by using PSCAD/EMTDC. In order to verify
the simulation results, a 55 V/1.65 kVA three-phase four-wire LC-HAPF experi-
mental prototype is applied. Figure 4.38 shows the adaptive dc-link voltage con-
trolled LC-HAPF control block diagram for both simulations and experiments.
Figure 4.39 shows the simulated and experimental reactive power at load-side Q.
When the 1st inductive loading is connected, the three-phase simulated Q;,, are
150.4 var with displacement power factor (DPF) = 0.729, while the three-phase
experimental Qy,r are 148.5, 146.4 and 145.1 var with DPF = 0.763, 0.742 and
0.746 respectively. When both the 1st and 2nd inductive loadings are connected,
the three-phase simulated Q,,r is increased to 200.0 var with DPF = 0.810, while
the three-phase experimental Q. is increased to 188.7, 184.5, 183.6 var with
DPF = 0.805, 0.815 and 0.822 respectively.

According to the designed four voltage levels (V1. Vaerr = 10, 20, 30 and
40 V) for both simulations and experiments, from Table 4.14, the LC-HAPF
required minimum dc-link voltage level will be Vg1, Vg = 10V or Vyqy,

Table 4.14 LC-HAPF simulated and experimental minimum dec-link voltage level with respect to
QLx/ within VdclUs VdclL = 10, 20, 30 and 40 V

Reactive power by Simulated and experimental Q, rfor | Required Minimum level
coupling LC Q..s ppr three phases (var) Vict_min2 (V) | Vacrvs Vaeir (V)
L., =6 mH, Ist loading | Sim. | 150.4, 1504, |2.9 10
C,; = 140 pF 150.4
Qe ppr = —145.1 var Exp. |148.5, 1464, |1.8 10
145.1
Istand 2nd | Sim. |200.0, 200.0, |29.5 30
loadings 200.0
Exp. | 188.7, 184.5, |234 30
183.6
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Vi = 30 V for compensating the 1st loading or both the 1st and 2nd loadings. In
the following section, the corresponding simulation and experimental results after
the adaptive dc-link voltage controlled LC-HAPF compensation will be presented.

4.6.4.1 Adaptive DC-Link Voltage Controlled LC-HAPF

From Table 4.14, the required minimum dc-link voltage level for the LC-HAPF is
Vaervs Vacr = 10 V for the 1st loading and V.1 ¢, Ve = 30 V for the 1st and 2nd
loadings. Therefore, the adaptive control method for the LC-HAPF can reduce the
switching loss and switching noise compared with a fixed V.1y, Vg =30V
case. For the simulated and experimental Q;,ras shown in Figs. 4.39, 4.40 and 4.41
illustrate the LC-HAPF simulated and experimental dynamic process of the adap-
tive dc-link voltage level and compensating performances. Figures 4.40a and 4.41a
show that the simulated and experimental dc-link voltage level (V.1y, V4e1) can be
adaptively changed according to different reactive power consumption of the
loading. As the simulated and experimental loadings are approximately balanced,
only phase b compensation diagrams will be illustrated. From Figs. 4.40b and
4.41b, the simulated and experimental system-side reactive power Q,.r of phase
b can be compensated close to zero regardless it is only the 1st loading or both 1st
and 2nd loadings are connected. Compared with Figs. 4.39, 4.40c and 4.41c show
that the simulated and experimental DPF of phase b can be compensated from 0.729
to 1.000 and 0.742 to 0.999 respectively once the LC-HAPF starts operation during
the 1st inductive loading situation. From Figs. 4.40d and 4.41d, the simulated and
experimental DPF of phase b can be kept at 0.990 or above when the 2nd loading is
connected. The simulation results as shown in Fig. 4.40 are consistent with the
experimental results as shown in Fig. 4.41.

Tables 4.15 and 4.16 summarize the simulation and experimental compensation
results of the adaptive dc-link voltage controlled LC-HAPF. Compared with Qs
the three-phase simulated Q. (5.0 or 22.0 var) and experimental Q, (0.8, —1.5,
3.5 var or 25.2, 15.3, 22.2 var) have been compensated close to zero when the 1st
loading or both 1st and 2nd loadings are connected. These can be verified by
showing three-phase simulated and experimental DPF = 0.990 or above and THD;,,
are within 3.0 and 5.0 % respectively. Moreover, the simulated and experimental i,
can be significantly reduced after LC-HAPF compensation. Figures 4.40, 4.41 and
Tables 4.15, 4.16 verify the effectiveness of the adaptive dc-link voltage controlled
LC-HAPEF for reactive power compensation.

4.6.4.2 Comparison Between Fixed and Adaptive DC-Link Voltage
Controlled LC-HAPF

With a fixed dc-link voltage of V., Vg1 = 30 V, Figs. 4.42 and 4.43 show the
LC-HAPF whole simulated and experimental dynamic compensation process for
the same loading situations as shown in Fig. 4.39. Compared Figs. 4.42 and 4.43
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Table 4.15 Simulation results before and after LC-HAPF reactive power compensation with an
adaptive dc-link voltage control

Before compensation After compensation

Different cases Ory DPF . Oy DPF [ THD;q,
(var) A) (var) @A) %)

1st inductive loading 150.4 0.729 |4.01 5.0 1.000 |295 |24

Ist and 2nd inductive 200.0 0.810 |6.25 |22.0 0997 |504 |28

loading

Table 4.16 Experimental results before and after LC-HAPF reactive power compensation with an
adaptive dc-link voltage control

inductive loading 1845 |0.815 |587 |153 0.993 [496 4.1

183.6 0.822 |5.94 222 0.991 490 |47

Before compensation After compensation
Different cases Ory DPF [ Osxf DPF [ THD;,,
(var) (A) (var) (A) (%)

Ist inductive A 148.5 0.763 | 4.06 0.8 0999 |[3.04 |34
loading B |1464 [0742 [390 |-15 0999 [3.05 |49

C 145.1 0.746 |4.01 35 0999 |3.02 |47
1st and 2nd A | 188.7 0.805 |6.03 252 0990 497 |33

B

C

with Figs. 4.40 and 4.41, the fixed and adaptive dc-link voltage control can achieve
more or less the same steady-state reactive power compensation results. However,
the adaptive control scheme just requires a lower dc-link voltage of V.,
Vae1r = 10 'V for compensating the 1st loading as shown in Figs. 4.40a and 4.41a.
For the adaptive dc-link voltage control of the LC-HAPF, due to the fact that its
final reference dc-link voltage level V., can vary according to different loading
conditions, the compensating performance will be influenced during each changing
of the dc voltage level. Compared with the fixed dc-link voltage control, the
adaptive control scheme will have a longer settling time during the load and dc
voltage level changing situation, which can be verified by the compensated Qj, as
shown in Figs. 4.40 and 4.41 as well as Figs. 4.42 and 4.43.

Figures 4.44 and 4.45 show the LC-HAPF simulated and experimental com-
pensating current i, of phase b and their spectra with (a) a fixed dc-link voltage of
Vietvs Vaerr, = 30 V and (b) adaptive dc-link voltage control during the 1st loading
connected case. As the reactive power consumption of the 1st inductive loading can
almost be fully compensated by the coupling LC as shown in Table 4.14, it is clearly
illustrated in Figs. 4.44 and 4.45 that the adaptive dc control scheme can effectively
reduce the switching noise compared with the fixed V.1, Vi1 = 30 V.

Figures 4.39, 4.40, 4.41, 4.42, 4.43, 4.44, 445 and Tables 4.15, 4.16 verify that
the adaptive dc-link voltage controlled LC-HAPF can obtain good dynamic reactive
power compensating performance and reduce the system switching loss and
switching noise, compared with the traditional fixed dc-link voltage LC-HAPF.
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Fig. 4.42 LC-HAPF whole
simulated dynamic process:
a fixed Ve Vierrz =30V,
b Qs of phase b, ¢ DPF of
phase b before and after
LC-HAPF starts operation,
and d DPF of phase b before
and after the 2nd loading is
connected
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4.6.5 Simulation and Experimental Verifications
of the Adaptive DC-Link Voltage Controller
Jor the Three-Phase Four-Wire APF

Actually, the adaptive dc-link voltage control idea can also be migrated into the
APF system as well. From previous analysis, when the PPF is changed to a pure
inductor (L.,), the original LC-HAPF system will become an APF. By substituting
the reactive power Q.. ppr provided by the coupling L., into (4.57) and (4.58), the
required minimum dc-link voltage V.1 ... in each phase and the final three-phase
required minimum dc-link voltage V.1 i, for the APF can be calculated. Then the
adaptive dc-link voltage controller for the three-phase four-wire APF can be
implemented.

Figure 4.46 illustrates the system configuration of a three-phase four-wire
center-split APF. Table 4.17 lists the APF system parameters for simulations and
experiments. As discussed before, to alleviate the dc-link voltage fluctuation
problem under the adaptive control method, the final reference Vi1 is classified into
three levels (V.1u, Vaerr = 200, 250 and 300 V) for selection. To simplify the
verification, the three-phase loadings are approximately balanced as shown in
Figs. 4.47 and 4.48. Simulation studies were carried out by using PSCAD/EMTDC.
In order to verify the simulation results, a three-phase four-wire center-split APF
prototype is also designed and constructed. The control system of the prototype is a
digital signal processor (DSP) TMS320F2812 and its sampling frequency is set at
25 kHz. Hysteresis current PWM is applied for the experimental prototype with
maximum switching frequency, 12.5 kHz.

Source Vsa Ls tsa, Va La,
Acé . T l 7 A
ac [ ca vy ILp
Veh Ls by b >
:®\_{WY\ B Loads N
i Ti b ire
Vse Ls lsc ¢ Ve o lLe c
iy Ticc iLn
n <« ° <
B icni
Le2 Le2 Lez
T1a Tip Tic T A
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Fig. 4.46 Configuration of a three-phase four-wire center-split APF
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Table 4.17 APF system parameters for simulations and experiments

System parameters Physical values

Vo f 110 V, 50 Hz

Ly, Lo, Cye 0.5, 30 mH, 3.3 mF

Resistor R;;;, and inductor L;;;, for Ist inductive 17.0 Q, 50.0 mH

loading (Qrr ~ 355.0 var)

Resistor R;;,, and inductor L;;,, for 2nd inductive 17.0 Q, 50.0 mH

loading (Qry ~ 355.0 var)

(a) o 1%t inductive Ioadi:glsc:::ected —_— (b) -vi1 st & 2 inductive Ioa-dilr;:sx;onnecled —_—
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Fig. 4.47 Simulated displacement power factor (DPF) at source-side: a when Ist loading is
connected and b when 1st and 2nd loadings are connected
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Fig. 4.48 Experimental displacement power factor (DPF) at source-side: a when 1st loading is
connected and b when 1st and 2nd loadings are connected

Figures 4.47 and 4.48 show the simulated and experimental displacement power
factor (DPF) at source-side under different loading cases. When the 1st loading is
connected, the three-phase simulated DPF are 0.73, while the three-phase experi-
mental DPF are 0.73, 0.72 and 0.71, respectively. When 1st and 2nd loading are
connected, the three-phase simulated DPF are 0.73, while the three-phase experi-
mental DPF are 0.71, 0.70 and 0.70, respectively.
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Table 4.18 APF minimum dc-link voltage levels (200, 250 and 300 V)

Different situations Required Ve minl2 Final minimum adapt. Level V.1¢,
V) Ve (V)
Ist loading A, B, 198.5 200
C
1st and 2nd A, B 241.5 250
loadings C

According to the designed three voltage levels (V1. Ve =200V, 250 V
and 300 V) for the simulations and experiments, from Table 4.18, the APF required
minimum dc-link voltage level will be V;.1py, Vi =200 and 250 V for com-
pensating the 1st loading, and Ist and 2nd loadings. In the following part, the
corresponding simulation and experimental results after the proposed adaptive
dc-link voltage controlled APF compensation will be presented in comparison with
the conventional fixed dc-link voltage controlled APF.

4.6.5.1 Adaptive DC-Link Voltage Controlled APF

With the adaptive dc-link voltage control for the APF, Figs. 4.49 and 4.50 show the
APF whole simulated and experimental dynamic compensation process for the
loading situations as shown in Figs. 4.47 and 4.48. Figures 4.49 and 4.50 show that
the simulated and experimental V.1, V41, can be adaptively changed according to
different loading situations. Moreover, the simulated and experimental DPF can be
improved to 0.99 or above after APF compensation for both loadings case, com-
pared with Figs. 4.47 and 4.48.

Tables 4.19 and 4.20 summarize the simulated and experimental compensation
results of the adaptive dc-link voltage controlled APF, the simulated and experi-
mental system-side reactive power Oy, can be compensated close to zero when the
1st loading, and both the 1st and 2nd loadings are connected. These results can be
verified by showing the three-phase simulated and experimental DPF = 0.99 or
above and THDj,, are within 5.0 % respectively. Moreover, the system current i,
can be significantly reduced after the APF compensation. Figures 4.49 and 4.50 and
Tables 4.19 and 4.20 verify the effectiveness of the proposed adaptive dc-link
voltage controlled APF for reactive power compensation.

4.6.5.2 Comparison Between Fixed and Adaptive DC-Link Voltage
Controlled APF

With a fixed dc-link voltage of V., Vaor = 300 V, Figs. 4.51 and 4.52 show the
APF whole simulated and experimental dynamic compensation process for the
same loading situations as shown in Figs. 4.47 and 4.48. Tables 4.21 and 4.22
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Fig. 4.50 APF experimental dynamic process with an adaptive dc-link voltage control: a DPF
and Vy.1y, Vg1 before and after APF starts operation during 1st loading and b DPF and V.,
Va1, when 2nd loading is connected

summarize the simulated and experimental compensation results of the fixed dc-link
voltage (Vy.uy, Vaer = 300 V) controlled APF correspondingly.

From Figs. 4.49, 4.50, 4.51, 4.52 and Tables 4.19, 4.20, 4.21, 4.22, the fixed and
adaptive dc-link voltage controlled APF can achieve more or less the same
steady-state reactive power compensation results. However, the adaptive control
scheme just requires a lower dc-link voltage for compensating the 1st loading and
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Fig. 4.51 APF simulated dynamic process with a fixed V;.1y, Vyerr = 300 V: a DPF and V¢,
Vac11 before and after APF starts operation during 1st loading and b DPF and V¢, Vg1 When
2nd loading is connected

1st and 2nd loadings as shown in Figs. 4.49, 4.50, 4.51 and 4.52. Thus, it obtains
less THD;, and iy, values for both loading cases, because a lower dc-link voltage
will generate less switching noise into the system, and vice versa. For the adaptive
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Fig. 4.52 APF experimental dynamic process with a fixed Vg.1y, Vgeir = 300 V: a DPF and
Vacius Vaerr before and after APF starts operation during st loading and b DPF and V.11, Ve

when 2nd loading is connected

dc-link voltage controlled APF, due to its final reference Vier can be varied
according to different loading conditions, the compensating performance will be
influenced during each changing of the dc voltage level. Compared with the fixed
dc-link voltage control, the proposed one yields a longer settling time during the

load and dc voltage level changing situation.
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Table 4.19 Simulation results before and after APF reactive power compensation with an
adaptive dc-link voltage control

Before compensation After compensation

Different cases Orxf DPF [ (o DPF . THD;q,
(var) () (var) A) (%)

1st inductive loading 350 0.73 4.73 18 1.00 3.61 4.9

1st and 2nd inductive 700 0.73 9.46 11 1.00 7.15 3.0

loading

Table 4.20 Experimental results before and after APF reactive power compensation with an
adaptive dc-link voltage control

Before compensation After compensation
Different cases Ory DPF Tox (o DPF Tgx THD;;,
(var) A) (var) A) (%)
Ist inductive A [354 073 [476 |69 099 |[3.65 |50
loading B |363 072 |4.88 |69 099 [3.65 |4.8
C |357 071 |4.81 |66 099 [3.58 |49
Ist and 2nd A 702 071 [9.46 |78 1.00 [739 |44
inductive loading B |686 070 |9.47 |76 1.00 |7.24 |45
C |670 070 |9.44 |75 100 |725 |41

Table 4.21 Simulation results before and after APF reactive power compensation with a fixed

Vacrvs Vaerr =300 V

Before compensation After compensation

Different cases Orf DPF Tox O DPF Lox THD;;,
(var) () (var) A) (%)

1st inductive loading 350 0.73 4.73 -8 1.00 |3.87 7.5

1st and 2nd inductive 700 0.73  |9.46 5 1.00 |7.28 4.0

loading

Table 4.22 Experimental results before and after APF reactive power compensation with a fixed

VdclU7 VdclL =300V

Before compensation After compensation
Different cases OLy DPF Loy Osyr DPF Tgx THD;;,
(var) (A) (var) (A) (%)
Ist inductive A [354 073 |476 |42 1.00 [3.81 |63
loading B |363 072 |4.88 |41 1.00 |376 |63
C |357 071 [4.81 |40 1.00 [3.70 |63
Ist and 2nd A 702 071 [9.46 |81 1.00 |7.58 |46
inductive loading B |686 070 |9.47 |79 1.00 |742 |50
Cc |670 070 944 |77 1.00 [7.40 |45
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Fig. 4.53 Experimental i, of phase a with: a a fixed V., V4 = 300 V and b proposed adaptive
dc-link voltage control

Figure 4.53 shows the APF experimental compensating current i., of phase
a with: (a) fixed Vy.1y, Vaerr = 300 V and (b) proposed adaptive dc-link voltage
control during 1st loading and 1st and 2nd loadings cases. Figure 4.53 shows that
the adaptive dc-link voltage control scheme can effectively reduce the switching
noise of the APF compared with the traditional fixed V;.;y, Vi1 = 300 V oper-
ation. Moreover, from Table 4.23, the proposed adaptive control scheme can reduce
the inverter power loss by 47 and 19 %, respectively compared with the conven-
tional fixed V,.1y, Vgerz = 300 V control.

From Figs. 4.47, 4.48, 4.49, 4.50, 4.51, 4.52, 4.53 and Tables 4.19, 4.20, 4.21,
4.22, 4.23, they verified that the proposed adaptive dc-link voltage controlled APF
can obtain good dynamic reactive power compensating performance and reduce the
system switching loss and switching noise.

Soft-switching techniques are usually applied to reduce the system operating
switching loss. However, they all require extra auxiliary circuits, thus increasing the
system initial cost. To obtain loss reduction function without adding extra circuit

Table 4.23 Experimental inverter power loss of APF with a fixed Vy.1y, Ve =300 V and
adaptive dc-link voltage control

Inverter power loss of APF

Fixed Vg, Vi = 300 V (W)

Adaptive dc

Power loss (W)

1st loading

163.2

86.4 W (200 V)
~47 %l

Ist and 2nd loading

213.0

1722 W (250 V)
~19 %l




242 4 Hybrid Active Power Filters

components and to implement the dynamic reactive power compensation capability
for the LC-HAPF, an adaptive dc-link voltage controlled LC-HAPF for dynamic
reactive power compensation capability is given in this section. Moreover, its
viability and effectiveness have been proved by simulation and experimental
results, in which it can achieve a good dynamic reactive power compensating
performance as well as reducing the switching loss and switching noise compared
with the traditional fixed dc-link voltage controlled LC-HAPF. After that, the
adaptive dc-link voltage control idea is also extended into the APF application, in
which the simulation and experimental results also show significantly reduction in
both switching loss and switching noise compared with the traditional fixed dc-link
voltage controlled APF.

4.7 Minimum Inverter Capacity Design for Three-Phase
Four-Wire LC-HAPF

Owing to the limitations among the existing literatures [19-26], there is still no
mathematical deduction for the design of the LC-HAPF minimum dec-link voltage
in current harmonics and reactive power compensation. Therefore, the key contri-
bution of this section is to investigate and discuss the minimum dc-link voltage and
also inverter capacity design for the three-phase four-wire LC-HAPF.

In this section, the equivalent circuit model in a-b-c¢ coordinate of the
three-phase four-wire center-split LC-HAPF as shown in Fig. 4.5 is initially
introduced. According to the current quality of the loading and the LC-HAPF
single-phase equivalent circuit models, the minimum dc-link voltage expression for
the LC-HAPF in current harmonics and reactive power compensation is proposed.
Finally, representative simulation and experimental results of the LC-HAPF are
given to verify its effectiveness of the minimum dc-link voltage design expression.
Given that most of the loadings in the distribution power systems are inductive, the
following analysis and discussion only focus on inductive nonlinear loads [39].

4.7.1 Mathematical Modeling of a Three-Phase Four-Wire
Center-Split LC-HAPF in A-B-C Coordinate

The equivalent circuit model of LC-HAPF in a-b-c coordinate of the three-phase
four-wire center-split LC-HAPF as shown in Fig. 4.5 is shown in Fig. 4.54, where
the subscript ‘x’ denotes phase x = a, b, c, n. v, is the load voltage, i,, i;, and i, are
the system, load, and inverter current for each phase respectively. C.; and L., are
the coupling capacitor and inductor of the LC-HAPF. v, , and v;., are the
coupling capacitor voltage and inductor voltage. v;,,, is the inverter output voltage.
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Fig. 4.54 Equivalent circuit model in a-b-c coordinates of the three-phase four-wire center-split
LC-HAPF

From Fig. 4.54, the differential equations of the coupling inductor L., and
capacitor C,; can be expressed as:

d ic‘a Vinvla Va Vccela
LCIE o | = [Vimto | — | | Vo | — | veew (4.64)
lee Vinvle Ve Veele
d Vecela lca
Ccl % VeCelb | = — icb (465)
VCele lee

In the following, the minimum dc-link voltage expressions for the LC-HAPF
will be presented.

4.7.2 Minimum Inverter Capacity Analysis
of a Three-Phase Four-Wire Center-Split LC-HAPF

From the previous analysis results, Fig. 4.55 shows the LC-HAPF single-phase
equivalent circuit models in a-b-c coordinate. In the following analysis, all ac
parameters are in RMS value except dc components. From Fig. 4.55, the required
inverter fundamental output voltages (V1) and inverter harmonic output voltages
(Vimw1an) at each harmonic order can be found, where the subscripts ‘f° and ‘n’
denote the fundamental and harmonic frequency components. As V1 and Vi, 1.,
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Fig. 4.55 LC-HAPF single-phase equivalent circuit models in a-b-c coordinate: a at fundamental
frequency and b at nth harmonic order frequency

are in RMS values, the minimum dc-link voltage values (Vg1 and Vgepy,) for
compensating the phase fundamental reactive current component and each nth
harmonic current component are calculated as the peak values of the required
inverter fundamental and harmonic output voltages, in which V., = \/EVinlef

and Vietrn = V2Viwlan respectively. In order to provide sufficient dc-link voltage
for compensating load reactive and harmonic currents, the minimum dc-link voltage
requirement (V,.,) of the LC-HAPF single-phase circuit model as shown in (4.66)
is deduced by considering the worst phase relation between each harmonic com-
ponent, in which their corresponding peak voltages of the VSI at AC side are
assumed to be superimposed.

Vdclx = \/|Vdcl)gf|2 + Z |Vdc1)cn|2 (466)

n=2

From Fig. 4.55a, when the load voltage V, is pure sinusoidal without harmonic
components, V, = V., the inverter fundamental output voltage of the LC-HAPF
single-phase circuit model can be expressed as:

Vit = Ve + Zpprp X Loy (4.67)

Since most of the loadings in the distribution power systems are inductive, the
fundamental impedance of the coupling capacitor C.; should be larger than that of
the coupling inductor L., which yields Zppgy = |Zppry|e?, of = —90° When the
LC-HAPF operates at the ideal case, the fundamental compensating current I
contains the pure reactive component /g, only without the active current compo-
nent /.., therefore (4.67) can be rewritten as:



4.7 Minimum Inverter Capacity Design ... 245

Vinlef - Vx - ‘chl - |chfq’a (468)

1
wccl
where @ = 27f.

From Fig. 4.55b, the inverter harmonic output voltage V;,, ., at nth (n = 1,
2 ... 0o) harmonic order can be expressed as:

Vivtan = |nWL —

1
—— ||l =2,3...00, 4.69
el n=23..00 (4.69)
where 1., is the nth order harmonic compensating current.

From Fig. 4.5, when the LC-HAPF compensates power quality issues, the

absolute reactive and n#h order harmonic compensating current should be equal to
those of the loading, it yields:

|chfq| - ’Ifoq’7|chn| - |Ian‘7 (470)

where I}, and I, are the reactive and n#h order harmonic current of the loading.

From (4.67) to (4.70), the inverter fundamental and each nth harmonic order
output voltages of the LC-HAPF single-phase circuit model (V;,,1,rand Vi,,1.,) can
be calculated. Then the minimum dc-link voltage requirement (V,.,) for the
LC-HAPEF single-phase circuit model can be found by (4.66).

By using the generalized single-phase p-q theory [29], the reactive power and
current harmonics in each phase can be compensated independently, thus the final
required minimum dc-link voltage for the three-phase four-wire center-split
LC-HAPF (V) will be the maximum one among the calculated minimum values
of each phase (V,.1,), which can be expressed as:

Vaer = max(2Vietas 2Viern, 2Viete) (4.71)
Thus, the inverter capacity of the LC-HAPF (S§;,,,) can be expressed as:

Ve
Siy = 3——=1. 4.72
e @)

where 1. = max(l., = I; = I..). From (4.72), the inverter capacity of the LC-HAPF
is proportional to the corresponding dc-link voltage. Thus, the dc-link voltage level
can reflect the inverter capacity of the LC-HAPF. Table 4.24 summarizes the
minimum dc-link voltage deduction steps of the LC-HAPF.

From Table 4.24, the minimum dc-link voltage value of the LC-HAPF can be
calculated only when the spectra of the load currents are known. If the load current
spectra cannot be measured (i.e. unknown loads) before the installation of the
LC-HAPEF, via Fast Fourier Transform (FFT), the load current spectra can be fig-
ured out by the DSP of the LC-HAPF after installation. Then the minimum dc-link
voltage value can be calculated by the DSP through the deduction steps in
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Table 4.24 Minimum dc-link voltage deduction steps of the LC-HAPF

1 Inverter fundamental output voltage
Vinv]xf = Vx - )CULCI - ﬁ ‘chfql (468)
where |chﬁ,| = ‘qu,, , o =2mnf 4.70)
2 Inverter n#h harmonic order output voltage
Vinlen = ‘nwl‘cl - ﬁ |chn| (469)
where |Iox| = [l n =2,3.. .00,  =2nf 4.70)
3 Minimum dec-link voltage
Vaer = max(2Vieia, 2Vae1s, 2Vaele) 4.71)
2 ) 2 (4.66)
Where Vdclx = {Vdcl)tf| + anz ‘Vdclxn|
Vdcl)»f: \/zvinvl)gfs Victam= \/Zvinlens where n = 2,3...00

Table 4.24. Once the minimum dc-link voltage value is known, the LC-HAPF
system can start operation. Through the dc-link voltage control method, its dc-link
voltage can be controlled to reach this minimum reference value.

4.7.3 Simulation and Experimental Verifications
Jor Minimum Inverter Capacity Analysis
of the Three-Phase Four-Wire LC-HAPF

To verify the minimum dc-link voltage analysis, representative simulation and
experimental results of the three-phase four-wire center-split LC-HAPF system as
shown in Fig. 4.5 will be given. In order to simplify the verification, the dc-link is
supported by external dc voltage source and the simulated and experimental
three-phase loadings are approximately balanced. Table 4.25 lists the simulated and
experimental system parameters for the LC-HAPF. From Table 4.25, the coupling

Table 4.25 LC-HAPF system parameters for simulations and experiments

System parameters Physical values
System source-side Ve 220 V

f 50 Hz
LC-HAPF L. 8 mH

Ca 50 uF

Vi1 45, 65,90 V
Nonlinear rectifier load Rwpix 432 Q

Lyix 34.5 mH

CnLix 392.0 uF
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L. and C., are designed based on the load fundamental reactive power con-
sumption and tuned at the 5th order harmonic frequency. As the simulated and
experimental loadings are approximately balanced, only phase a compensation
diagrams will be illustrated.

Simulation studies were carried out by using Matlab. In order to verify the
simulation results, a 220 V/10 kVA three-phase four-wire center-split LC-HAPF
experimental prototype is implemented. IGBTs are employed as the switching
devices for the active inverter part. And the control system of this prototype is a
DSP TMS320F2812 and the analog to digital (A/D) sampling frequency of the
LC-HAPF system is set as 40 pus (25 kHz). Figure 4.6 shows the reactive and
harmonic reference compensating current deduction and PWM control block dia-
gram for the three-phase four-wire LC-HAPF system. Hysteresis PWM is applied
for generating the required compensating current. In the following, since the load
harmonic current contents beyond the 9th order are small, for simplicity, the
required minimum dc-link voltage calculation will be taken into account up to 9th
harmonic order only.

4.7.3.1 Simulation Results

Figure 4.56a illustrates the simulated load current i;, waveform and its spectrum of
phase a, in which its corresponding fundamental reactive current, 3rd, 5th, 7th and
Oth order harmonic current in RMS values are shown in Table 4.26. From
Fig. 4.56a and Table 4.28, the total harmonic distortion of the load current
(THD;;,) is 32.1 % and the load neutral current (iz,,) is 5.35 A, in which the 3rd and
5th order harmonic contents dominate the load harmonic current. With the help of
Tables 4.24 and 4.27 shows the required minimum dc-link voltage values (V1.
and V.., for compensating the fundamental reactive current, 3rd, 5th, 7th and 9th
harmonic current components and the minimum dc-link voltage (V) of the
LC-HAPF, in which V,.; =79.24 V. The dc-link voltage for the LC-HAPF is
chosen as Vg =45V, 65V, 90V for performing compensation respectively.
After the compensation by the LC-HAPF, Fig. 4.56b—d show the simulated system
current i, waveforms and their spectra of phase a at different dc-link voltage levels.
Their corresponding results are summarized in Table 4.28.

Table 4.26 Simulated and experimental fundamental reactive current, 3rd, 5th, 7th and 9th orders
harmonic current values of the loading

Fundamental 3rd order Sth order 7th order 9th order
reactive harmonic harmonic harmonic harmonic
current (A) current (A) current (A) current (A) current (A)
Simulation 3.72 1.96 0.53 0.23 0.16
results
Experimental 341 1.92 0.45 0.20 0.12
results
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Fig. 4.56 Simulated i, and its spectrum of phase a before and after LC-HAPF compensation:
a before compensation, b after compensation with V., =45V, ¢ after compensation with
Vaie1 = 65 V and d after compensation with V., =90 V

Table 4.27 Simulated and experimental required dc-link voltage of the LC-HAPF

LC-HAPF Vacixs Vacixs Vacixs Vacixt Vacixo Vet

V) V) V) V) V) V)
Simulation results 10.56 37.92 0.13 2.77 3.52 79.24
Experimental 16.42 37.15 0.10 2.40 2.64 81.54
results
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Table 4.28 Summary of simulated and experimental results before and after LC-HAPF
compensation

LC-HAPF Vier (V) | 3rd Sth DPF | THD;, | i, (A)
harmonic (%) | harmonic (%) (%)
Simulation Without - 315 8.6 0.80 |32.1 5.35
results comp.
After 45 36.2 6.1 1.00 |36.2 5.85
comp. 65 252 1.1 1.00 |20.2 3.60
90 2.7 0.6 1.00 | 5.3 0.86
Experimental Without - 314 7.3 0.83 |32.7 5.77
results comp.
After 45 23.8 32 1.00 |25.3 3.51
comp. 65 14.8 2.4 1.00 |17.2 2.45
90 6.3 1.1 1.00 | 8.0 1.30

From Tables 4.27 and 4.28, when the LC-HAPF is operating, the coupling LC
mainly eliminates the 5th order harmonic current. From Fig. 4.56b—d, with the
dc-link voltage of V,.p =45V (<Vy = 79.24 V), the LC-HAPF cannot perform
current compensation effectively. After compensation, the total harmonic distortion
of phase a system current is THD;,, = 36.2 % and the system neutral current (i,,) is
5.85 A, in which the compensated THD;,, does not satisfy the international stan-
dards [31, 33]. When the dc-link voltage increases to V,;.; = 65 V, because this
value is closer to the required V,., = 79.24 V, the LC-HAPF can obtain better
compensating performances with THD;,, = 20.2 % and iy, = 3.60 A, in which the
compensated THD;,, still does not satisfy the international standards [31, 33]. When
the dc-link voltage increases to V,;.; = 90 V, the LC-HAPF then can effectively
track the reference compensating current and achieve the best compensating per-
formance with THD;,, = 5.3 % and i, = 0.86 A among the three cases.

4.7.3.2 Experimental Results

Figure 4.57a illustrates the experimental i;, waveform and its spectrum of phase a,
in which its corresponding fundamental reactive current, the 3rd, Sth, 7th and 9th
order harmonic currents in RMS value of the loading are shown in Table 4.26.
From Fig. 4.57a and Table 4.28, the THD,;, is 32.7 % and the i;, is 5.77 A, in
which the 3rd and 5th orders harmonic contents dominate the load harmonic cur-
rent. With the help of Tables 4.24 and 4.27 shows the required Vg1, and Ve, in
which V,.; = 81.54 V. Similar as simulation part, the dc-link voltage for the
LC-HAPF is chosen in three levels as V, . =45, 65, and 90 V for performing
compensation respectively. After compensation by the LC-HAPF, Fig. 4.57b—d
show the experimental i;, waveforms and their spectra of phase a at different
dc-link voltage levels. Their corresponding experimental results are summarized in
Table 4.28.



250 4 Hybrid Active Power Filters

THD .. =32.7% THDis, =17.2%
(a) e a(c) S ... s
g m ; |:
- ) A ~ [
g 1:“: f:\ ,-'A'- \ / g A |ofeny o, oo M, ey
g E N - gy =1 g i/ N ! | 3 J 3 { I‘\
S oy i \f - - f \ g S Nl N N/ s W
= -108 |/ b7 W W W \ s -
S E =
ms. s s [] Tims Tims Bimz ms T00ms
Time () Time (s)
100 > -
" -
3 L " n
En ‘é 0
Ew 5 50
50 0
i E 0
s ® - 2
- S W
n E
0 I oA N
] 5 0 [ 0 0l - = ——
Harmonic order Harmonic order
b THD;s, =25.3% d i
THD:s. =5.0%
L 7]
2w 2
B m E o
SRy f= fer -y g
5 T N s IO 5.5 : | T S e e s w5
I M S s A g Y s W S W s )
= @ -10R
g; 158 E
U 2ms ims ms d0ms 100ms i Tms  fms ms ms Todms
Time (s) Time (s)
100 - it -
% »
ER Ew
S En
&0 ]
'§ 50 '§ s
E - E "
- 30 - W
; 2 ; 0
10 I_ 10
0 _ T — — 0 — ————
0 5 10 15 20 ] 5 i 15 0
Harmonic order Harmonic order

Fig. 4.57 Experimental i;, and its spectrum of phase a before and after LC-HAPF compensation:
a before compensation, b after compensation with V,.; =45V, ¢ after compensation with
Vae1 = 65 V and d after compensation with V;.,; =90 V

From Tables 4.27 and 4.28, when the LC-HAPF operates, the coupling LC
mainly eliminates the 5th order harmonic current. From Fig. 4.57b—d, with
Vit =45 V (V4 = 81.54 V), the LC-HAPF cannot perform current compensa-
tion effectively. After compensation, the THD;,, of phase a is 25.3 % and the i, is
3.51 A, in which the compensated THD,, does not satisfy the international standard
[31, 33]. When the dc-link voltage increases to V,.; = 65 V, because this value is
closer to the required V,.; = 81.54 V, the LC-HAPF can obtain better compen-
sating performances with THD;,, = 17.2 % and i, = 2.45 A, yet the compensated
THD;,, does not satisfy the international standard [31]. When the dc-link voltage
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increases to V., = 90 V, the LC-HAPF can achieve the best compensating per-
formance with THD;,, = 8.0 % and iy, = 1.30 A among the three cases.

The experimental results are similar to the simulated results, which verify the
LC-HAPF minimum dc-link voltage expression. To obtain LC-HAPF good com-
pensating performances, its dc-link operating voltage can be chosen as the calcu-
lated V,.;. Then its minimum inverter capacity can also be found by (4.72).

4.8 Design and Performance of a 220 V/10 kVA
Three-Phase Four-Wire LC-HAPF Experimental
Prototype

4.8.1 System Configuration of Three-Phase Four-Wire
LC-HAPF

The system configuration of the 220 V/10 kVA three-phase four-wire LC-HAPF
experimental prototype is shown in Fig. 4.58 while the LC-HAPF experimental
prototype testing environment is shown in Fig. 4.59. From Fig. 4.58, the subscript
‘x’ denotes phase a, b, c, n. v, is the load voltage, iy, iz, and i, are the system, load
and inverter currents for each phase. C.; and L., are the coupling capacitor and
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Fig. 4.58 System configuration of the 220 V/10 kVA LC-HAPF experimental prototype
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Fig. 4.59 The

220 V/10 kVA LC-HAPF
experimental prototype
testing environment

Table 4.29 A 220 V/10 kVA LC-HAPF experimental system parameters

System parameters Physical values
System source-side V. 220 V

f 50 Hz
Coupling LC (Qcyr ppr ® —790.0 VAR) Loy 8 mH

Ca 50 pF
DC capacitor Cuet 3.3 mF
DC-link voltage levels Victw Vaeir 25, 50,75V

inductor, L, is the coupling neutral inductor. Cy.y, Ve and V. are the dc
capacitor, upper and lower dc capacitor voltages with Vy.p = Ve = 0.5V4.
Ssources Suarrs Saprs Spprs Sg» Saischarge are controllable switches for controlling
different parts of the circuit. VISC and CTSC represent voltage and current
transducers with signal conditioning board. The load is a nonlinear load, a linear
load or their combination. Table 4.29 shows the system parameters of the
220 V/10kVA LC-HAPF experimental prototype, and three adaptive dc-link volt-
age levels (V1 Vaerz = 25, 50 and 75 V) are designed.

4.8.2 Balanced and Unbalanced Testing Loads

The 220 V/10 kVA three-phase four-wire center-split LC-HAPF experimental
prototype has been tested under balanced and unbalanced loading situations as
shown in Figs. 4.60 and 4.61. Their corresponding parameters’ values are sum-
marized in Table 4.30.
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4.8.3 Design of Coupling LC of LC-HAPF

For the full bridge diode rectifier loading as shown in Figs. 4.60 and 4.61, the 3rd
and 5th order harmonic currents will be the two dominant harmonic current con-
tents. For designing the coupling LC parameters based on the average fundamental
reactive power consumption Qfo A~ 790.0 var and n; =5, from (4.1)—(4.3), the
coupling capacitor and inductor can be determined as C.; ~ 50 pF, L.; * 8§ mH
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Fig. 4.62 Hardware circuit
diagram of coupling LC

respectively. The coupling passive part (C.;, L.;) hardware circuit diagram of the
220 V/10 kVA LC-HAPF experimental system is shown in Fig. 4.62.

4.8.4 Design of Active Inverter Part of LC-HAPF

The active inverter part of the LC-HAPF is composed of a DC/AC center-split
voltage source inverter (VSI) with dc-link capacitors, which includes IGBT power
switches with drivers, transducers with signal conditioning boards and digital
controller. The design of the following three components of the APF part will be
presented as follows:

(1) IGBT power switches with drivers,
(2) Transducer with signal conditioning boards,
(3) Digital controller and its software design.

4.8.4.1 IGBT Power Switches with Drivers

Presently  available power semiconductor switches include  bipolar
technology-based devices such as bipolar junction transistors (BJTs), thyristors and
gate turn-off (GTO) thyristors, and metal-oxide-semiconductor (MOS)-based
devices such as MOS field effect transistors (MOSFETs), insulated gate bipolar
transistors (IGBTs), and MOS-controlled thyristors (MCTs). A summary of power
device capabilities is shown in Fig. 4.63 [44].

The Mitsubishi third generation IGBT PM300DSA60 dual intelligent power
module (IPM) is selected as the power switching devices for the 220 V/10 kVA
LC-HAPF experimental system, with maximum rated current and voltage of 300 A
and 600 V respectively [45]. The appearance and circuit diagram of the selected
dual IPM is shown in Chap. 3, in which this module can be used as one leg of the
VSI, which provides great convenience to the hardware implementation.

The schematic diagram of the IGBT driver board is shown in Fig. 4.64, which is
used to drive one dual IPM. The IGBT driver board is designed to control the
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Fig. 4.64 Schematic diagram of IGBT driver board

switching state of IGBT with the trigger signals generated from the digital controller.
The final hardware connection between the IGBT power switches and drivers for the
220 V/10 kVA LC-HAPF experimental system is shown in Fig. 4.65. The key
design consideration of the IGBT driver board has been discussed in Chap. 3.
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Fig. 4.65 Hardware
connection between IGBT
power switches and drivers
for the 220 V/10 kVA
experimental prototype

4.8.4.2 Transducers with Signal Conditioning Boards

The three-phase load voltages, load currents, compensating currents and dc-link
voltages of the LC-HAPF are measured by transducers with signal conditioning
boards. The adopted transducers are based on the Hall-Effect transducer, which
provides an isolated measurement for dc and ac voltage and current. The voltage
and current signal conditioning boards can transfer the large electrical signals into
small analog signals in order to be adopted as the A/D converter inputs of the digital
control system. The measured output signals from the signal conditioning boards
are sent to the A/D converter and converted into digital signals in the digital
controller. These signals are required to determine the reference compensating
currents. The schematic diagram of the signal conditioning circuit is shown in
Fig. 4.66. From Fig. 4.66, the signal conditioning circuit mainly includes one
voltage follower and two negative gain amplifiers. The voltage follower can provide
a high input impedance to avoid loading effect, while the two negative gain
amplifiers can provide an appropriate positive output electrical signal to A/D input
of the digital controller. A 3.3 V zener diode is implemented at the output side to
limit the input voltage level to a 3.3 V digital controller.

Fig. 4.66 Schematic diagram of the signal condition circuit
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In order to synthesize parameters of the signal conditioning circuit, the R1 of KT
20 A/P (current transducer) indicated in Fig. 4.66 is selected as 50 Q, while that of
KV 50 A/P (voltage transducer) is selected as 100 Q [46]. Therefore, the current
and voltage transducer output voltage (V;,) will have the same range between
_SVpeak to 5Vpeak'

The selected A/D converter of the digital controller has an input range of 0-
3.3 V. Therefore, the output voltage (V,) of the signal conditioning circuits should
be consistent with (0-3.3 V). To avoid the unsteady state when the input voltage
approaches 3.3 V, the peak output voltage is changed to the range of 0.3-3.0 V.
According to the schematic diagram as shown in Fig. 4.66, the signal conditioning
board output voltage can be expressed as:

Rs Rs
V,=—V,+ —x 15 4.73
Rt Ry S (4.73)

For ac measurement, a dc offset should be provided for the input analog signals
because a negative voltage is not compatible for a 0-3.3 V digital controller. Set
R5 =2.2 kQ and R3 = 20 kQ, then V, = %Vm +1.65.

According to different experimental loading conditions as listed in Tables 4.30,
4.32 and 4.33, the maximum measurement ranges for load currents and compen-
sating currents are set as £20Apc and £20A,,., respectively while the maximum
measurement range of the load voltages and dc-link capacitor voltages are set
as £330 Vpeac and +200V ¢, respectively. Table 4.31 shows the design parame-
ters of the signal conditioning boards. The photo of the overall current and voltage
transducer with signal condition boards for the 220 V/10 kVA LC-HAPF experi-
mental prototype is shown in Fig. 4.67.

Table 4.30 Experimental parameters for balanced and unbalanced loading situations

System parameters Physical values
Vo f 220 V, 50 Hz
Balanced 1st inductive nonlinear | A | Rnpiw Lvci 432 Q, 34.5 mH,
loading load B | Cniix 392.0 uF
c | (Qrr ® 720.0 var)
2nd inductive linear Ai Ry Lijoy 60 Q, 70 mH
load B (Qry ~ 200.0 var)
C
Unbalanced 1st inductive nonlinear | A | Ryziv Lyrice 48.2 Q, 34.5 mH,
loading load Cnrix 392.0 uF
L] (Qrr ~ 660.0 var)
B 432 Q, 34.5 mH,
c | 392.0 uF
(Qr ~ 720.0 var)
2nd inductive linear A |Rpoe Ligox 80 Q, 70 mH
load (Qr¢ ~ 100.0 var)
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Table 4.31 Parameters of the signal conditioning boards (in peak value)

Max. measurement range Vin (Vpea) | Vo (Vpear) Ry kQ) | R; (kQ) |Rs (kQ)
(Apeak/Vpeak)
Current | iy, -20-20 -5-5 0.309-2.991 |8.2 20 2.2
[ —20-20 -5-5 0.309-2.991 |8.2 20 2.2
Voltage | v, —330-330 |-5-5 0.309-2.991 |8.2 20 22
Vactvs Vaerr | 0-200 0-5 0.330-2.991 |8.2 100 22

Note R4 = 1.5 kQ, R7 =5 kQ and R6 = R8 = 10 kQ, R10, R11, R12 are 20 kQ adjustable resistor

Table 4.32 Experimental results before LC-HAPF compensation under balanced loading case

Before LC-HAPF compensation under balanced loading case

Different cases Qg (var) | PF THD;, (%) | THD,, (%) | iz (A) | i, (A)
1st inductive loading A |723.0 0.804 |32.5 1.7 6.506 |5.808
B |718.5 0.805 [31.5 1.9 6.467
C |721.2 0.804 |31.6 1.5 6.444
1st and 2nd inductive A |921.3 0.870 | 21.3 1.6 9.520 |5.659
loading B |920.1 0.872 |20.5 1.8 9.539
C 9219 0.870 |20.7 1.5 9.493

Table 4.33 Experimental results before LC-HAPF compensation under unbalanced loading case

Before LC-HAPF compensation under unbalanced loading case

Different cases O,y (var) | PF THD;,, (%) | THD,, (%) |ig (A) |is, (A)
1st inductive loading A | 665.5 0.808 |33.9 1.6 6.072 |5.750
B [719.5 0.807 |31.5 1.9 6.468
C [721.8 0.802 |31.6 1.7 6.457
1st and 2nd inductive A |765.5 0.877 [23.2 1.6 8.357 |6.067
loading B |719.5 0.807 [31.5 1.9 6.468
C [721.8 0.802 |31.6 1.7 6.457

Fig. 4.67 Overall current
and voltage transducers with
signal conditioning boards for
the 220 V/10 kVA LC-HAPF
experimental prototype
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4.8.4.3 Software Design of Digital Controller DSP-TMS320F2812

The reference compensating current calculation is achieved by a digital signal
processor (DSP). The high speed DSP-TMS320F2812 is chosen which has high
performance in the real-time control and motor/machine control. There are total
sixteen multiplexed analog inputs of 12-bit analog-to-digital converter (ADC) core
with built-in sample and hold (S/H) in the DSP-TMS320F2812. The 12-bit ADC
module is operating with a fast conversion rate of 80 ns at 25 MHz ADC clock.
The ADC sequencer consists of two independent 8-state sequencers that can also be
cascaded together to form one 16-state sequencer [47]. After the conversion, the
digital value of the selected channel is stored in the appropriate result register. The
results will be transformed into the corresponding format and values by bit shift
operation on the result registers.

There are two Event Managers (EV), namely EVA and EVB, embedded in
TMS320F2812. Each EV module contains two general-purpose (GP) timers.
The GP timers can be used to activate the A/D conversion to provide a time base for
the operation of the full compare units, or to calculate the reference current. There
are six PWM outputs with programmable deadband and output logic for each EV
created by the intrinsic three full compare units. These PWM signals are generated
by using EV module, Timer 1 (EVA) and Timer 3 (EVB). The deadband unit is
used to implement the deadtime of the inverter in each of the compare units. When
the deadband unit is enabled for the comparing units, the transition edges of the two
signals are separated by a time interval determined by the inverter switch limitation.
A deadband can be provided to avoid the short-circuit case between the upper and
lower switches in one leg. The deadband is designed as 4.27 ps, which is larger
than the recommended condition (3.5 ps) of the PM300DSA60 IPM.

For the 220 V/10 kVA LC-HAPF experimental prototype, Timer 2 (EVA) is
used to define the sample rate of ADC module, in which the sampling frequency is
set to 25 kHz. For every 1/25 kHz(s) period, Timer 2 will provide a trigger signal to
process AD conversion and the corresponding interrupt. There are totally 4 groups
with 12 channel signals, i.e. 3 load voltages v,, 3 load currents i;,, 3 compensating
currents i, and 2 dc-link capacitor voltages V .1y, Ve are converted into digital
values. Timer 1 (EVA) is responsible for generating PWM. The frequency of Timer
1 is determined by the switching frequency limitation of the IGBT. Timer 1 is set to
have a maximum switching frequency of 12.5 kH. There is only one interrupt
activated, in which the A/D interrupt has the highest priority. In the following, the
program flow chart for the DSP-TMS320F2812 in performing ADC signal sam-
pling, single-phase instantaneous p-q compensation algorithm, adaptive dc-link
voltage control, and generating the PWM signals for controlling the VSI output is
shown in Fig. 4.68.

The DSP controller for the LC-HAPF experimental prototype is shown in
Fig. 4.69, in which there is a signals connection printed circuit board (PCB) for
convenient connection between the peripherals I/O ports of DSP and other physical
devices.
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Fig. 4.68 DSP program flowchart of the LC-HAPF: a main program, b interrupt service routine

Fig. 4.69 The DSP
controller for the

220 V/10 kVA LC-HAPF
experimental prototype

4.8.5 Experimental Results for a 220 V/10 kVA
Three-Phase Four-Wire LC-HAPF Experimental
Prototype

4.8.5.1 Power Quality Data of the Experimental Balanced
and Unbalanced Loadings

Before the LC-HAPF performs compensation, Figs. 4.70 and 4.71 show the
experimental reactive power at system source-side Q.5 load voltage v, and system
current i, waveforms for both balanced and unbalanced loading situations.
Tables 4.32 and 4.33 summarize the power quality parameters for both balanced
and unbalanced loading situations.
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Fig. 4.70 Before LC-HAPF compensation under balanced loading case: a Qs b v, and is, when

the 1st loading is connected, and ¢ v, and i;, when the 1st and 2nd loading are connected
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Fig. 4.71 Before LC-HAPF compensation under unbalanced loading case: a O, b v, and iy,
when the Ist loading is connected, and ¢ v, and i, when the Ist and 2nd loading are connected
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Considering the balanced loading case, when the 1st inductive loading is con-
nected, the three-phase Qs are 723.0, 718.5 and 721.2 var with power factor
(PF) = 0.804, 0.805 and 0.804 respectively, and the total harmonic distortion
(THD;y,) of i,, are 32.5, 31.5 and 31.6 %, in which the THD;;, does not satisfy the
international standards [31, 33]. When both the 1st and 2nd inductive loadings are
connected, the three-phase Q;,, will increase to 921.3, 920.1 and 921.9 var with
PF = 0.870, 0.872 and 0.870 respectively, then the THD;,, become 21.3, 20.5 and
20.7 %, in which the THD;,, does not satisfy the international standards [31, 33].

Considering the unbalanced loading case, when the 1st inductive loading is
connected, the three-phase Q. are 665.5, 719.5 and 721.8 var with PF = 0.808,
0.807 and 0.802 respectively, and the THDj;, of i, are 33.9, 31.5 and 31.6 %, in
which the THD;,, does not satisfy the international standards [31, 33]. When both
the 1st and 2nd inductive loadings are connected, phase A Q. will increase to
765.5 var with PF = 0.877, and the THD;,, of phase A becomes 23.2 %, in which
the three-phase THD;,, does not satisfy the international standards [31, 33].

As the experimental load harmonic current contents beyond the 9th order are
small, for simplicity, the LC-HAPF required minimum dc-link voltage for current
harmonic compensation will be taken into account up to the 9th harmonic order
only. Table 4.34 shows the 3rd, 5th, 7th and 9th order harmonic current in RMS
values under balanced and unbalanced loading situations.

With the help of the analysis results from Sects. 4.6 and 4.7, based on
Tables 4.32, 4.33 and 4.34, the LC-HAPF final required minimum dc-link voltage
(Viaerus Vaerr) for both reactive power and current harmonics compensation can be
calculated. And the chosen adaptive voltage levels are illustrated in Table 4.35.

Under the balanced and unbalanced loading situations as shown in Figs. 4.70,
4.71 and Tables 4.32, 4.33, the corresponding compensation results by the
220 V/10 kVA LC-HAPF experimental prototype with conventional fixed dc-link
voltage control and adaptive dc-link voltage control are presented in the following.

Table 4.34 Experimental 3rd, 5th, 7th and 9th orders load harmonic current values under
balanced and unbalanced loading cases

Different situations Harmonic current order
3rd order |5th order | 7th order |9th order
(A) (A) (A) (A)
Balanced 1st loading A, B, 192 0.45 0.20 0.12
loading C
1st and 2nd A, B, |1.90 0.46 0.23 0.12
loadings C
Unbalanced Ist loading A 1.86 0.39 0.18 0.11
loading B,C |1.92 0.45 0.20 0.12
1st and 2nd A 1.81 0.40 0.20 0.11
loadings B.C |1.92 0.45 0.20 0.12
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Table 4.35 LC-HAPF experimental minimum dc-link voltage under balanced and unbalanced
loading cases

Different situations Chosen adaptive voltage levels (V 1y,
Vaerr) (V)
Balanced Ist loading A, B, 50
loading C
1st and 2nd A, B, 75
loadings C
Unbalanced Ist loading A 75
loading B, C
1st and 2nd A 50
loadings B, C

4.8.5.2 Experimental Results of Fixed DC-Link Voltage Control

In the balanced loading situations as shown in Fig. 4.70 and Table 4.32, with a
fixed dc-link voltage reference of V.1, Va1 = 75 V, Fig. 4.72 shows the whole
experimental dynamic compensation process with a fixed dc-link voltage control
scheme. Figure 4.72 includes the waveforms of: (1) Vie1 Viacir, (2) Qs (3) vy and
is, of phase a after LC-HAPF starts operation and (4) v, and i, of phase a after the
2nd loading is connected.
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Fig. 472 LC-HAPF whole experimental dynamic compensation process with fixed dc-link
voltage control scheme under balanced loading case: a Vjeiy, Vieir, b Qg € vy and i, of phase
a after LC-HAPF starts operation and d v, and i, of phase a after the 2nd loading is connected
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Table 4.36 Experimental results after LC-HAPF compensation with fixed dc-link voltage control
under balanced loading case

After LC-HAPF compensation with fixed dc-link voltage control

Different cases Qs (var) | PF THD,,, (%) | THD,, (%) |is (A) |ig (A) | Vierws Vaerr
Level (V)
Ist inductive | A | —66.4 0.990 |7.5 1.3 4943 1347 |75
loading B |-50.5 0.990 |8.7 1.2 5.024
Cc [-773 0.989 [9.0 1.1 5.108
Istand 2nd | A | 15.2 0.997 |4.6 1.1 8.071 |1324 |75
inductive B | 33 0.997 |5.2 L0 8.036
loading c| 38 0.997 |58 1.1 8.023

Figure 4.72a shows that the experimental V., V.11 level can be controlled as
its reference 75 V without any initial start-up pre-charging process, and be kept at
its reference no matter when the 1st inductive loading or the 1st and 2nd loadings
are connected. Moreover, the experimental Q.. can be approximately compensated
at close to zero for both loading cases, as shown in Fig. 4.72b. Figure 4.72c shows
that the experimental PF and THD;, of phase a can be improved from 0.804 to
0.990 and from 32.5 to 7.5 % once the LC-HAPF starts operation respectively.
From Fig. 4.72d, the experimental PF and THD,,, of phase a become 0.997 and
4.6 % when the 2nd loading is connected.

Table 4.36 summarizes the compensation results of the LC-HAPF based on the
fixed dc-link voltage control schemes, in which both the THD;,, and THD,, satisfy
the international standards [31-33]. Compared with the experimental results before
LC-HAPF compensation as shown in Table 4.32, the system current i, and neutral
current iy, can be significantly reduced after LC-HAPF compensation.

4.8.5.3 Experimental Results of Adaptive DC-Link Voltage Control

In a balanced loading situation as shown in Fig. 4.70 and Tables 4.32, from 4.35,
the adaptive dc-link voltage level for the LC-HAPF is V.1, Ve = 50 V for the
1st loading and V.1, Ve = 75 V for the 1st and 2nd loadings. Therefore, the
adaptive dc-link voltage control method for the LC-HAPF can reduce the switching
loss and the switching noise compared with a fixed V.1, Vieiz =75 V case as
verified by Table 4.39 and Fig. 4.75.

Figure 4.73a shows that the experimental V,.1,,, V.11 can be adaptively changed
according to different loading cases. From Fig. 4.73b, the experimental Q;,,can be
compensated close to zero for both loading cases, compared with Fig. 4.70.
Figure 4.73c shows that the experimental PF and THD;;, of phase a can be
improved from 0.804 to 0.990 and 32.5 to 8.3 % once the LC-HAPF starts oper-
ation. From Fig. 4.73d, the experimental PF and THD;,, of phase a become 0.997
and 4.5 % when the 2nd loading is connected. Table 4.37 summarizes the com-
pensation results of the LC-HAPF with the adaptive dc-link voltage control scheme



266

Fig. 4.73 LC-HAPF whole
experimental dynamic
compensation process with
adaptive dc-link voltage
control scheme in a balanced
loading case: a V1., Vierr,
b O, ¢ v, and iy, of phase
a after LC-HAPF starts
operation and d v, and i, of
phase a after the 2nd loading
is connected
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Table 4.37 Experimental results after LC-HAPF compensation with adaptive dc-link voltage
control under balanced loading case

After LC-HAPF Compensation with adaptive dc-link voltage control

Different cases Qs (var) | PF THD;,, (%) | THD,, (%) |ix (A) |ig (A) | Vierw Vaelr
Level (V)

Ist inductive | A | —50.8 0.990 | 8.3 1.0 5.023 |1.500 |50
loading B |-744 0.989 [10.3 1.1 5.044

C |-79.3 0.989 | 10.7 1.0 5.058
Istand 2nd |A | 16.3 0.997 | 4.5 1.0 8.085 |[1.414 |75
inductive B | 29 ]0997 | 50 L0 8.047
loading C| 48 0997 | 59 1.0 8.008

Table 4.38 Experimental results after LC-HAPF compensation with adaptive dc-link voltage
control under unbalanced loading case

After LC-HAPF Compensation with adaptive dc-link voltage control

Different cases Or PF THD;q, THD,, Tgx [ Vaetu

(var) (%) (%) (A) (A) VieiL

Level

V)

Ist A |-736 (0990 8.8 1.0 4891 1319 |75
inductive B |-559 [0990 |92 1.0 5.032
loading c |-631 (0990 [7.6 1.1 5.043

Istand2nd |A | -459 0995 |64 1.1 7100 |2.629 |50
inductive B [-569 (0990 [9.9 1.0 5.073
loading c |-71.6 (0990 |83 1.1 5.109

in a balanced loading case, in which both the THD;,, and THD,, satisfy the
international standards [31-33]. Compared with the experimental results before
LC-HAPF compensation as shown in Table 4.32, the i, and i, can be significantly
reduced after LC-HAPF compensation.

Compared Fig. 4.73 with Fig. 4.72, the fixed and adaptive dc-link voltage
control can achieve more or less the same steady-state reactive power compensation
results. The adaptive control scheme just requires a lower dc-link voltage level of
Victws Vacir = 50 V for compensating the 1st loading, but it will have a longer
settling time during the load and dc voltage level changing situation. As discussed
before, since the switching loss is directly proportional to the dc-link voltage, the
adaptive dc-link voltage controlled LC-HAPF system will obtain less switching loss
than the one with a fixed dc-link voltage, as verified by Table 4.39. Figure 4.75
shows the LC-HAPF experimental compensating current i, of phase a and their
spectra with: (a) a fixed V.1, Vg =75V and (b) adaptive dc-link voltage
control. Figure 4.75 clearly illustrates the adaptive dc control scheme can effec-
tively reduce the switching noise compared with the fixed V.1, Va1 = 75 V case.
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Fig. 4.74 LC-HAPF whole
experimental dynamic
compensation process with
adaptive dc-link voltage
control scheme in an
unbalanced loading case:

a Vierw Vaer, b Qg ¢ v and
is, of phase a after LC-HAPF
starts operation and d v, and
is, of phase a after the 2nd
loading is connected
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Table 4.39 Experimental inverter power loss of LC-HAPF with fixed V.1, Vierr =75 V and
adaptive dc-link voltage control under balanced and unbalanced loading cases

Inverter power loss of LC-HAPF at different Fixed V14, Adaptive DC-Link
situations Vi =75 V (W) | Voltage Control
Balanced Power 1st inductive 41 37 W
loading case loss (W) | loading SOV) ~ 10 %
1st and 2nd 59 59 W (75 V)
inductive loading
Unbalanced Power 1st inductive 41 41 W (75 V)
loading case loss (W) | loading
1st and 2nd 45 40 W
inductive loading BOV) ~ 11 %
(a) " -
4. 1* inductive loading connected - [
i ; -
oif . A | .i.’-". .'I.I‘ A o
L X
y '\.'.'.' ¥ Yy w
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Fig. 4.75 Experimental and frequency spectrum for i., of phase a under balanced loading
situation with: a a fixed V.1, Vg1 = 75 V and b adaptive dc-link voltage control

The adaptive dc-link voltage control can also work in an unbalanced loading
case. Notice the unbalanced loading case as shown in Fig. 4.71 and Table 4.33,
from Table 4.35, the required minimum V.1, V4.1 = 75 V for the 1st loading and
Vietw Vaeir = 50 V for the 1st and 2nd loadings. Therefore, the adaptive control
method for the LC-HAPF can reduce the switching loss (in Table 4.39) and
switching noise compared with a fixed V.1, Va1 = 75 V case when the 1st and
2nd loadings are connected.

Figure 4.74a shows that the experimental V.1, V.11 can be adaptively changed
according to different loading cases. From Fig. 4.74b, the experimental Q,,can be
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Fig. 4.76 LC-HAPF whole experimental dynamic compensation process with adaptive dc-link
voltage control scheme under unbalanced loading case: a before and after LC-HAPF starts

operation during the 1st loading connected, b before and
¢ before and after the 2nd loading is disconnected

after the 2nd loading is connected and
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compensated at close to zero for both loading cases, compared with Fig. 4.71. Since
phase b and c loadings are kept the same as the 1st inductive loading case under the
balanced loading situation, their corresponding compensation waveforms are not
included here. Therefore, only phase a compensation waveforms are given.
Figure 4.74c shows that the experimental PF and THD,, of phase a can be
improved from 0.808 to 0.990 and 33.9 to 8.8 % once the LC-HAPF starts oper-
ation. From Fig. 4.74d, the experimental PF and THD;,, of phase a become 0.995
and 6.4 % when the 2nd loading is connected. Table 4.38 summarizes the com-
pensation results of the LC-HAPF with the adaptive dc-link voltage control scheme
under the unbalanced loading case, in which both THD;,, and THD,, satisfy the
international standards [31-33].

Table 4.39 summaries the experimental results for power loss. Therefore, the
adaptive control method for the LC-HAPF can reduce the switching loss and
switching noise compared with the traditional fixed dc-link voltage case no matter
under the balanced or the unbalanced loading situations (Fig. 4.75).

4.8.5.4 Experimental Results of LC-HAPF Dynamic Compensation
Capability

Figure 4.76 shows the LC-HAPF whole experimental dynamic compensation
process under unbalanced loading case. The figure clearly shows the dc-link voltage
can be adaptively changed according to different loading situations. The transient
process is finished once the dc-link voltage reaches its adaptive reference level. The
LC-HAPF can work for the initial start-up dc-link self-charging function with a
response time of less than 3 cycles under the maximum dc-link voltage level of
Viaetw Vaerr = 75 'V consideration. Figure 4.76 clearly illustrates the good dynamic
compensation capability of the 220 V/10 kVA LC-HAPF experimental prototype.

In this section, a 220 V/10 kVA three-phase four-wire center-split LC-HAPF
experimental prototype is designed and built. The parameters design of the PPF
part, the design of transducers with signal conditioning circuits, IGBT drivers and
digital control system for the active inverter part of the LC-HAPF experimental
system are introduced. Different experimental results are provided to verify its
effectiveness in dynamic reactive power, current harmonics and neutral current
compensation. With the implementation of the adaptive dc-link voltage control, the
LC-HAPF can achieve switching loss and switching noise reduction (without
adding any extra soft-switching hardware components) compared with the con-
ventional fixed dc-link voltage controlled LC-HAPF.
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4.9 Summary

This chapter compares different hybrid active power filter (HAPF) topologies, and
the pros and cons of each topology are presented. After that, this chapter presents
and discusses the design and control study of a three-phase four-wire LC-HAPF
system, and a 220 V/10 kVA experimental prototype is also designed and tested to
show its validity. The key contributions and achieved results of this chapter are
summarized in the following:

€))

(@)

3

“4)

®

The LC-HAPF good resonance phenomena prevention capability, filtering
performance and system robustness have been investigated and verified by
simulations.

The influence on the dc-link voltage during LC-HAPF performs dynamic
reactive power compensation is presented and analyzed. After analysis, by
using the conventional dc-link voltage control methods as active or reactive
current component, LC-HAPF either fails to achieve the initial start-up dc-link
self-charging function or fails to provide dynamic reactive power compensa-
tion. To solve this, a dc-link voltage control method is proposed, which can
achieve start-up dc-link self-charging function, dc-link voltage control and
dynamic reactive power compensation. Simulation and experimental results
are presented to verify all discussions and analysis, and also show the effec-
tiveness of the proposed dc-link voltage control method.

To obtain switching loss reduction function without adding extra circuit
components, an adaptive dc-link voltage controlled LC-HAPF for dynamic
reactive power compensation capability is addressed, in which it can achieve
good dynamic reactive power compensating performance as well as reducing
the switching loss and switching noise compared with the traditional fixed
dc-link voltage controlled LC-HAPF, in which its validity and effectiveness
are also verified by both simulation and experimental results. After that, the
adaptive dc-link voltage control idea is also extended into the APF application,
in which both simulation and experimental results also show significant
switching loss and switching noise reduction compared with the traditional
fixed dc-link voltage controlled APF.

The minimum inverter capacity analysis of the LC-HAPF has been deduced
via its single-phase equivalent circuit models, in which the analyses are ver-
ified by both simulations and experiments.

A 220 V/10 kVA three-phase four-wire center-split LC-HAPF experimental
prototype is designed and tested. The design details of the coupling LC and
active inverter part of the LC-HAPF are described. The prototype was proven
the ability to compensate dynamic reactive power, current harmonics and
neutral current. Compared with the traditional fixed dc voltage controlled
LC-HAPEF, the switching loss and switching noise can also be reduced by the
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proposed adaptive dc voltage controlled LC-HAPF. Moreover, it can signifi-
cantly reduce the three-phase and neutral currents. In addition, the compen-
sated current quality data satisfies the requirements of the international
standards.
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