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Preface

The smart grid, regarded as the next-generation power grid, is considered as a
promising solution for energy crisis. Since smart grid is interconnected with dif-
ferent grids, the development of smart grid brings many new challenges for power
quality. Power quality compensators are one of the key technologies for power
quality improvement in smart grids. Undoubtedly, lower cost, lower loss, wider
compensation range, and better performance will be the development trends and
goals for power quality compensators in the coming decades. Among different
current quality compensators, the state-of-the-art hybrid active power filters
(HAPFs) possess high potential to be further developed due to the desired char-
acteristics of lower cost, lower loss, higher reliability, and better performance. As a
result, gaining the knowledge of state-of-the-art design and control techniques of
HAPFs is important and useful for students, researchers, and engineers.

In this book, the different state-of-the-art power quality compensators are mainly
focused on. The content starts by comprehensively reviewing the power quality
issues in Chap. 1. Then, Chap. 2 provides the comprehensive study of character-
istics, cost, reliability, power loss, and tracking performance of different power
quality compensators. The mathematical analysis, modeling, design, control, and
applications of a state-of-the-art adaptive thyristor-controlled LC-coupling HAPF
(TCLC-HAPF) are investigated in Chaps. 3-8 as the perspectives solution for
power quality compensations. The design and implementation of a three-phase
three-wire TCLC-HAPF experimental hardware prototype and the experimental
results are provided in Chap. 9. Finally, Chap. 10 draws the conclusions and
perspectives for future works. In addition, the system analysis, design, and control
techniques presented in this book can be extendable to other power quality com-
pensators, such as static var compensators (SVCs), active power filters (APFs),
static synchronous compensators (STATCOMs), etc.

This book is intended for undergraduates, postgraduates, doctorates, or profes-
sionals with power electronics background. The book can also be useful to fellow
researchers and electrical power engineers who are specializing in power quality

vii
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issues, power electronics, power filters, and control techniques. After reading this
book, the readers can gain understanding of the state-of-the-art techniques of
inverter design, pulse width modulation (PWM), compensation methods, control
methods, hardware design, etc.

Macau, China Lei Wang
Man-Chung Wong
Chi-Seng Lam
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Chapter 1 )
Introduction Check or

Abstract This chapter presents a summary and overview of the major power
quality issues (low power factor, harmonic pollution and unbalanced problem) by
taking the power quality measurement data in Macau and China as examples. And,
the potential market for reactive power and harmonic compensation in China is
investigated. In order to solve the above major power quality issues, the historical
review of different power quality compensator topologies and control methods are
provided. Finally, the organization of this book is introduced at the end of this
chapter.

Keywords Active power filter - Power quality compensation « Power factor
Passive power filter - Pulse width modulation - Hybrid active power filter
Harmonic distortion - Inverter

1.1 Power Quality Issues and Its Market

With the proliferation of power electronics and motor loading in power system, the
loading becomes dynamic, fast time varying and nonlinear, which can cause many
power quality issues such as: low power factor, harmonic pollution, unbalanced
problem [1-4], etc. Thus, it is becoming more different for electricity utility to
supply the customers with the voltage and current within the standards [5, 6],
Taking the measurement data in Macau as example, some of the major power
quality problems are low power factor, current harmonic pollution and unbalanced
current. The aforementioned power quality problems are discussed in the following
with the power quality measurement data recorded by Electric Power Engineering
Laboratory, University of Macau, Macao, China [7, 8].

© Springer Nature Singapore Pte Ltd. 2019 1
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2 1 Introduction

1.1.1 Low Power Factor

The application of induction motor loads can cause a phase shift between the
voltage and current in the power network. This results in the lowering of the power
factor of the loads. Loads with low power factor draw more reactive current than
those with high power factor. And larger reactive power can increase the system
losses and lower the power network reliability. Besides, electricity utilities usually
charge the industrial and commercial customers a higher electricity fee in low
power factor situation. According to the policy of the electricity company of
Macau, Companhia de Electricidade de Macau (CEM), when the power factor of
Tarift Group B or C is lower than 0.857, the customers are required to pay extra
charges for the reactive power. Table 1.1 gives the power factor measurement data
for 7 different buildings in Macau [7-9]. In Table 1.1, the shaded area means that
the corresponding building is required to pay extra charge for the reactive power
consumption.

1.1.2 Current Harmonic Pollution

The widespread applications of power electronic devices can increase the distortion
and disturbances on the current in the power network, as the power electronic
devices draw harmonic current from the power utility. Harmonic current distortion
causes various problems in power network and consumer products, such as
mal-operation of control devices, transformer overheating, the defection of accuracy
in power meters, etc. There are many standards related to the power quality issues.
Among them, the IEEE standard 519-2014 [5] is one of the most widely used
standards, and the detailed descriptions related to voltage and current standards are
given in Appendix. With reference to the IEEE standard 519-2014 [5], the

Table 1.1 Power factor measurement data for 7 buildings in Macau

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

Note The shaded area means undesirable measurement data
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Table 1.2 Current THDi measurement data for 7 buildings in Macau [7-9]

Commercial Hotel Middle Indoor | Public Public Public
Type of buildin: building school sport | admin. admin. admin.
M & center | building | building | building
A B C
Total Phase A | Max. 37.04 3321 46.83 | 13.75 | 28.09 19.27 25.61
current Min. 9.08 6.04 3.01 10.89 3.92 2.82 2.54
harmonic | Phase B |Ma%. 39.96 30.80 6413 | 17.89 | 50.75 20.06 28.84
distortion Min. 9.61 7.14 3.54 14.40 3.78 242 3.10
Max. 4541 28.66 6373 | 2447 | 47.65 27.12 27.01
(THD: | Phase C - ygip 9.67 6.47 2.89 18.79 5.60 3.56 237
%) : X . . i } } ]

Note The shaded area means unsatisfactory data

acceptable Total Demand Distortion (TDDi) is <15% with Isc/I; in the
100 < 1000 scale. The nominal rate current is assumed to be equal to the funda-
mental load current in the worst case analysis, which results in
THD = TDD < 15%. Therefore, this book evaluates the current harmonics per-
formance by setting an acceptable standard with THD < 15%. However, nearly all
of the measured THD:i of phase current for the buildings in Macau exceed the IEEE
standards 519-2014 [5] as shown in the shaded area in Table 1.2 [7-9].

1.1.3 Current Unbalanced Problem

When unequal loads are connected to the three phase utility distribution system,
unbalanced problem could occur. The unbalanced problem leads to the additional
heating and loss in the stator windings, damage on the over-loaded phase power
cable, reduction of transmission capability, increase in transmission loss, etc.
[10-13]. Figure 1.1 shows the phase and neutral current RMS measurement data for

o .
-

UF;=39%

AMps

10

1/11/4 1/12/4 11134 1114/4 1/15/4 1/16/4
1/10/4 11714
Time

Fig. 1.1 Phase and neutral current RMS measurement data for one building in Macau



4 1 Introduction

one building in Macau [7-9], in which the current unbalanced factor (UF;) is
always larger than 30% during office hours.

1.1.4 Power Quality Compensation Market

Concerning the above three major power quality issues, there is a large power
quality compensation market. Taking China as an example, the reactive power and
harmonic compensation market is shown in Tables 1.3 and 1.4.

From Tables 1.3 and 1.4, it can be seen that the proportions of reactive power
and harmonic compensations in China were just 13.0 and 13.5% until the year of
2012. Nevertheless, according to the China National Bureau of Statistic’s release,
by 2020, China’s related market will amount to 15 billion RMB. Therefore, there is
a large potential market for the power quality compensators in China.

Concerning the above three major power quality issues and the large potential
market, researchers have proposed many different power quality compensators to

Table 1.3 Reactive power compensation market in China [11, 12]

Year 2006 |2007 |2008 |2009 |[2010 |2011 |2012

Reactive power compensation 041 | 037 | 039 | 042 | 045 | 049 | 0.53
(x 108 kvar)
Reactive power compensation market |26.81 |33.50 |24.40 |25.97 |28.57 |32.33 [37.10
(x 10° RMB)
The proportion of reactive power 1.5 2.5 35 3.7 6.0 9.0 |13.0
compensation (%)

Actual reactive power compensation | 0.41 | 059 | 085 | 096 | 1.71 | 291 | 4.82
(x10° RMB)

Table 1.4 Harmonic power compensation market in China [11, 12]

Year 2006 2007 2008 2009 2010 2011 2012
The national electricity 2836.7 3245.8 3440.0 3645.0 3936.6 4251.5 4591.7
load (x10° kWH)

Harmonic power (15% of 0.049 0.056 0.059 0.062 0.067 0.073 0.079
loads) (x10° kvar)

Harmonic power 1.06 1.58 2.18 3.00 4.85 7.86 12.7

compensation market with
1200 RMB/kvar

(x10° RMB)

The proportion of 3.0 32 4.4 5.0 5.5 7.5 10.0
Harmonic compensation

(%)

Harmonic compensation 0.032 0.050 0.095 0.15 0.269 5.90 12.74

market (x10° RMB)
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address those problems. In the following part, the development of power quality
compensators will be introduced.

1.2 Development of Power Quality Compensators

Installation of the current quality compensators is one of the solutions for the low
power factor, harmonic current pollution and unbalanced problem. Different power
quality compensators and their parameter design methods are summarized in
Table 1.5 and compared in historical order in the following:

Shunt capacitor banks (CBs) were firstly applied in power systems in around
1900s for power-factor correction and feeder voltage control due to its advantages
of low cost and flexibility of installation. However, CBs can easily get burnt if the
current harmonics level is high. To compensate the current harmonics, the passive
power filters (PPFs) were proposed in 1940s. Unfortunately, the PPFs have many
disadvantages such as low dynamic performance, resonance problem and lack of
unbalanced compensation ability [14]. The thyristor controlled static var compen-
sators (SVCs) were firstly proposed in 1960s [15]. And the SVCs are popularly for
dynamic reactive power [16—19] and unbalanced power compensations [20-22].
However, the SVCs suffer from drawbacks such as resonance problem, harmonic
current injection and poor harmonic compensation ability. To overcome the
drawbacks and improve the performances of SVCs simultaneously, the inverter
based controlled active power filters (APFs) were proposed in the year of 1976 [23,
24]. Unfortunately, APFs still cannot have large scale development in the power
quality markets due to the high initial and operational costs. Afterwards, the LC-
coupling hybrid active filters (HAPFs) were proposed in the year of 2003. And,
HAPFs have lower rating of active inverter part than the APFs. Since the rating of
active inverter part is proportional to the cost of compensators, the HAPFs are more
cost-effective than the APFs [25-30]. However, the HAPFs have a quite narrow
compensation range, which limits its compensation ability. When the loading
reactive power is outside its designed range, it loses its low-inverter rating
advantages [30]. In the year of 2014, the topology of thyristor controlled LC-

Table 1.5 Characteristics of different active current quality compensators and their corresponding
parameter design methods

Year 1900s 1940s 1960s 1976 2003 2014
Compensators CBs PPFs SVCs APFs HAPFs TCLC-HAPF
Resonance prevention Yes Yes Yes No No No (*)
Compensation Range Fixed Fixed Large Large Narrow Large (*)
C?ri;:s:;fiin No Yes No Yes Yes Yes
Unbalance problem No No Yes Yes (High Vpe) No Yes (Lower Vpo)(*)

Notes The shaded area means undesirable characteristic, and (*) means the potential characteristic
which will be discussed in this book
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coupling hybrid active power filter (TCLC-HAPF) is proposed in [31], in which this
state-of-the-art TCLC-HAPF has the characteristics of a wider compensation range
than HAPFs and lower dc-link voltage than APFs for power quality compensation.
Until now, the complete studies of characteristics, design techniques and applica-
tions of the TCLC-HAPF are still lacking, and hopefully this book can fill up this
gap.

Based on the above discussions and Table 1.5, the traditional power quality
compensators like CBs, PPFs and SVCs have relatively poor performance and
suffer from many inherent problems. On the other hand, the APFs, HAPFs and
TCLC-HAPF have much better performance than the CB, PPFs and SVCs. The
existing control issues of APFs, HAPFs and TCLC-HAPF will be given and
compared in Sect. 1.3. And the detailed comparison of APFs, HAPFs and
TCLC-HAPF will be given in Chap. 2.

1.3 Inductive-, Capacitive-and Adaptive-Coupling Power
Quality Compensators and Their Control Issues

To control the inductive-coupling power quality compensators (like APFs) and
capacitive-coupling  power quality compensators (like HAPFs) and
adaptive-coupling power quality compensator (like TCLC-HAPF), two steps are
most necessary, namely: (a) the reference signals detection (discussed in
Sect. 1.3.1) and (b) the pulse width modulations (PWMs) (discussed in Sect. 1.3.2).
In the following, the control issues of inductive-, capacitive- and adaptive-coupling
power quality compensators will be discussed and compared for reactive power,
harmonic current and unbalanced power compensation.

1.3.1 The Reference Signals Determination Methods

The reference current or voltage is used for power compensators to compensate the
power quality issues, which include the reactive, harmonic, and unbalance power
components. To determine the reference current (or voltage), different control
methods have been proposed for APFs, HAPFs and TCLC-HAPF.

Akagi et al. [32] firstly proposed instantaneous p-q control method in order to
eliminate the reactive, harmonic, and unbalanced power of the loading instanta-
neously. In order to adapt instantaneous p-q control method under different voltage
conditions (distorted, unbalanced, etc.), many other control techniques were further
developed, such as: d-q control method [24, 25, 33-36], p-g-r control method [37,
38], Lyapunov function-based control method [39], etc. However, those instanta-
neous power control methods [24, 25, 32-39] are dedicated to inverter/
converter-based structures. And, their corresponding performances are highly
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dependent on the computation speed and the switching frequency of the digital
controllers and the switching devices. Another popular control method for APFs
and HAPFs is to balance the system by compensating the negative- and
zero-sequence current components in unbalanced loading situation, as the oscil-
lating power/voltage/current can be analytically expressed as positive-, negative-
and zero-sequence components (+, — and 0 sequences) [40]. The major drawback of
this control method is that the sequence components introduced by harmonics are
not taken into consideration. To solve this problem, the authors in [41-44] combine
the above instantaneous control methods with the +, — and O sequence control
method, but the computation steps increase a lot, thus significantly increasing the
control complexity. Recently, Leszek et al. [45, 46] proposed a power analysis
control method based on the theory of current’ physical component (CPC) to
compensate the reactive power in unbalanced three-phase four-wire system.
However, after this power analysis method compensation, the active power remains
unbalanced, which means the unbalance power cannot be completely eliminated.
With all the above control methods, both APFs [24, 32-40, 45, 46] and HAPFs
[25-29, 41-44] can effectively compensate the reactive power and harmonic current
under unbalanced loading compensation (Table 1.6). In 2014, Rahmani et al. [31]
proposed a state-of-the-art control method for TCLC-HAPF to reduce the
steady-state error of the TCLC part and improve the performance of current
tracking and voltage regulation of the active inverter part. However, the control
method proposed in [31] was designed based on the assumption of balanced loading
condition. If this control method is applied to TCLC-HAPF for unbalanced loading
compensation, it either fails to perform acceptable current quality compensation or
requires a high rating active inverter part for compensation, which results in
increasing system initial cost, switching loss and switching noise. Therefore, this
book (in Chap. 5) aims to propose an unbalanced control method for the
TCLC-HAPF, which can balance source side active power and compensate the
reactive power and harmonic current with small rating of the active inverter part.

Table 1.6 Characteristics of different compensators and their control methods

APFs [24, 3240, HAPFs [25-29, TCLC-HAPF [31]

45, 46] 41-44]
Balance/ (1) Instantaneous (1) Instantaneous Hybrid method [31]
Unbalanced power methods power methods (balance control)
compensation [24, 32-35] [25-29, 41-43] Lack of unbalanced
methods 2)+, —and 0 )+, —and 0 control study (Proposed

sequence methods sequence methods in Chap. 5)

[36-40] [44]

(3) Power analysis

method [45, 46]
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1.3.2 Pulse Width Modulations

After determining the reference current (or voltage), the reference signals are sent to
the pulse width modulations (PWMs) control. Different PWMs, from hysteresis to
space vector modulations (SVM), have been proposed for controlling APFs [47].
For example, PWM methods such as ramp comparison, ripple prediction [48, 49]
and improved asymmetric space vector modulation [50] were developed to obtain
faster dynamics and greater robustness. Wei et al. [51] investigated an algorithm
that doubles the switching frequency in the area where the ripple current is larger.
This algorithm could reduce switching loss with the same current ripple require-
ments. However, all of the above PWMs are dedicated to APFs.

Akagi in [25] proposed an HAPF with a low dc-link voltage to reduce the cost of
APFs. Today, two main strategies have been used to control the HAPFs:

e equivalent resistor transfer function [25, 31, 44, 51-55]; and
e hysteresis PWM [26-29, 56, 57].

The equivalent resistor transfer function can be classified as an indirect current
control (multiplying the reference current by a gain) to calculate the voltage ref-
erence, which is then inserted back into the equivalent circuit as a system transfer
function to characterize the total system response. In contrast, the hysteresis band
defines the allowable error in the current that turns the power electronic switches on
or off. The nonlinear current characteristics of the hysteresis PWM approach were
not studied by Rahmani in 2009 [58]. Until 2012, the non-linear current charac-
teristics were studied and classified into non-linear, quasi-linear and linear regions
in [26]. In [26], the non-linear current was linearised under the criteria defined in
[26] for power electronic switching so that HAPFs could be equivalent to linear
systems, such as active filters operations. However, the-state-of-the art hysteresis
PWM approach still suffers from relatively high switching loss. Therefore, in this
book (in Chap. 3), based on the consideration of the users’ requirements on total
harmonics distortion (THD), a non-linear adaptive hysteresis band controller will be
discussed and proposed to reduce the switching loss.

1.4 TCLC-HAPF and Its Potential Advantages

In this section, the proposed compensator: TCLC-HAPF [59-64] and its possible
advantages are introduced. The system topology of a three-phase three-wire
TCLC-HAPF is provided in Fig. 1.2. v,,, v, and v;,,, are the source voltage, load
voltage and inverter output voltage, respectively. And i,,, i;, and i., are source
current, load current and compensating current, respectively, where the subscript ‘x’
denotes phase x = a, b, c.

The TCLC-HAPF consists of a TCLC part and an active inverter
part. The TCLC part is composed of a coupling inductor L., a parallel capacitive
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Fig. 1.2 System topologies of three-phase three-wire TCLC-HAPF

Cpr and a thyristor controlled reactor (TCR) with an inductor Lpr. And the active
inverter part of the TCLC-HAPF is a three-phase voltage source inverter (VSI) with
a dc-link capacitor Cp.

The TCLC part provides a wide reactive power compensation range and a large
voltage drop between system voltage and inverter voltage, so that the active invert
part can keep a low dc-link voltage level. A small rating active inverter part is used
to improve the performance of the TCLC part by absorbing its harmonic current
injection, avoiding mistuning of the firing angles and preventing the resonance
problem.

1.5 Research Challenges and Goals

The objective of this research aims to develop a cost-effective three-phase
three-wire TCLC-HAPF with low dc-link voltage and wide compensation range for
reactive power, unbalanced power and harmonic current compensation. The chal-
lenges and goals of this research work can be summarized as follows:

(1) The comparison among the different power quality compensators has not been
studied yet in terms of V-I characteristic (compensation range and required
active inverter rating), cost, reliability, power loss and tracking performance.
Therefore, one of the goals is to provide a comprehensive comparison among
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the different power quality compensators and to show the potential advantages
of the TCLC-HAPF.

The TCLC part of the TCLC-HAPF can generate harmonic current during its
operation. At this moment, the prevention of harmonic injection of the TCLC
part has not been studied yet. Therefore, one of the goals is to mitigate the
TCLC part’s harmonic current injection.

The existing current PWM control methods suffer from relatively high
switching loss problem. And the TCLC part will generate a nonlinear current
slope, thus the nonlinear PWM control method for the TCLC-HAPF to reduce
the switching loss is still lack of study. Therefore, one of the goals is to propose
the nonlinear PWM method for TCLC-HAPF to improve the system perfor-
mance and reduce the switching loss based on the consideration of the users’
requirements on total harmonics distortion (THD).

The existing parameter design methods of the SVCs and HAPFs are based on
the maximum pre-measured load reactive power. However, when the loading is
unbalanced, this would easily lead to the system under-compensation situation.
Therefore, one of the goals is to explore the parameter design method based on
the compensation range and unbalanced power to avoid under-compensation
problem.

The existing control strategy for the TCLC-HAPF is based on balanced loading
assumption, while the control strategy for unbalanced loading compensation
has not been developed. Therefore, one of the goals is to investigate the control
strategy for TCLC-HAPF to compensate reactive power, harmonic current and
balance active power under unbalanced loading.

The minimizing inverter capacity design of different SVC-HAPFs
(FC-TCR-HAPF and TCLC-HAPFs) structures is lack of study. Therefore,
one of the goals is to propose the minimizing inverter capacity design of
different SVC-HAPFs to obtain a structure with low inverter capacity and
acceptable compensation performance.

The DC-link voltage for the TCLC-HAPFs in reactive power and current
harmonics compensation can be adaptively controlled to reduce the switching
frequency and switching loss. Therefore, one of the goals is to propose the
adaptive DC-link voltage control technique for TCLC-HAPFs.

When the load generated harmonic, unbalanced and reactive power is beyond
the limited capacity of the TCLC-HAPF, the conventional control methods
cannot provide satisfactory compensation performance. In this book, a selective
compensation control method among harmonic distortion, unbalanced and
reactive power of the TCLC-HAPF will be proposed.

Last but not least, one of the goals is to develop a three-phase three-wire
110V-5kVA TCLC-HAPF hardware experimental prototype. The reactive
power, current harmonics and unbalanced power can be compensated simul-
taneously by the prototype under different current and voltage conditions like
current unbalanced, voltage fault, voltage dip, etc. The compensated power
quality should meet the requirements of the international standards.
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1.6 Book Organization

In this book, the introduction is provided in this chapter. Then, the comparisons of
different (hybrid) active power filters are given in Chap. 2. After that, the character-
istics, design and control of the SVC part and active inverter part of the TCLC-HAPF
are selectively provided in Chap. 3. Then, under the unbalanced loads condition, the
unbalanced modeling and parameter design method of the TCLC-HAPF is provided in
Chap. 4 and the corresponding unbalanced control strategy is given in Chap. 5.
Following that, the minimizing inverter capacity design and comparative performance
evaluation of TCLC-HAPF is given in Chap. 6. The adaptive DC-link voltage control
strategy for the TCLC-HAPF is proposed in Chap. 7 and the selective compensation
control strategy during over compensator’s capacity situation is given in Chap. 8. In
Chap. 9, the hardware and software design of an 110V-5kV A three-phase three-wire
experimental prototype is presented and discussed. Finally, the conclusion and the
prospective of further works are given in Chap. 10.
The detailed chapter descriptions are shown in below:

This chapter presents an overview and summary of the major power quality issues
(low power factor, harmonic pollution and unbalanced problem) by taking con-
sideration of the power quality measurement data in Macau as an example. And, the
potential market for reactive power and harmonic compensation in China is
introduced, which illustrates a large potential market in China for power quality
compensation. In order to solve the above major power quality issues, the historical
review of different power quality compensator topologies and control methods are
introduced.

Chapter 2 compares TCLC-HAPF with other different power quality compensators
in terms of V-I characteristic, cost, reliability, power loss and tracking performance.
Chapter 3 investigates the characteristic, design and control for the TCLC part and
the active inverter part of the TCLC-HAPF. Specifically, the solutions for the
TCLC part to prevent harmonic current injection and nonlinear PWM method for
the active inverter part to reduce the switching loss are proposed.

Chapter 4 proposes the unbalanced modeling and parameter design of the
TCLC-HAPF based on its compensation range and the unbalanced loading power
to avoid under-compensation problem.

Chapter 5 proposes an unbalanced control method for the TCLC-HAPF to com-
pensate reactive power, harmonic current and balance the active power with low
DC-link voltage.

Chapter 6 discusses the minimizing inverter capacity design and comparative per-
formance evaluation of different SVC-HAPFs (FC-TCR-HAPF and TCLC-HAPFs).
And, the purpose of this chapter is to obtain the superior structure with acceptable
compensation performance and low inverter capacity.

Chapter 7 provides the adaptive DC-link voltage control technique for the
TCLC-HAPF to reduce the switching loss.
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Chapter 8 proposes a selective compensation control method of harmonic distor-
tion, unbalanced and reactive power with the consideration of the limited capacity
of the TCLC-HAPF.

Chapter 9 presents the implementation of an 110V-5kVA three-phase three-wire
TCLC-HAPF experimental prototype. Experimental results will be provided to show its
low DC-voltage and wide compensation range characteristics under different voltage
and current conditions such as unbalanced current, voltage fault, voltage dip, etc.
Chapter 10 draws the conclusion, gives the study limitations of this book and
proposes prospective future research works.

1.7 Appendix: Voltage and Current Standards

Power quality standards have been issued by the standard organizations, which
provide some guidelines or indexes to limit the power quality pollution in the
electrical power network, thus maintaining the health of the power grid. Both
voltage THDv standards and current THDi standards are defined in IEEE Standard
519:20141EEE Recommended Practices and Requirements for Harmonic Control
in Electrical Power Systems [5]. The details of the voltage THDv standards and
current THDi standards are summarized in Tables 1.7 and 1.8.

Due to the practical power system capacity, when the short-circuit current at the
point-of-coupling (PCC) is not high enough, harmonic current may cause voltage
distortion. When TDD of the current (given in Table 1.8 for current waveform)
cannot fulfill the IEEE standard, it can cause voltage distortion. The voltage
waveform may be over the IEEE standard (defined in Table 1.7 for voltage
waveform) due to harmonic current. Tables 1.7 and 1.8 imply that the required
limits are getting tighter as the system capacity gets larger. The detailed discussion
is given below, which can explain the reason for choosing the current harmonic
standard with THD = 15% in this book. The basic information of the transformer
used in experiments is summarized in Table 1.9.

According to the voltage THD, standard (shaded area in Table 1.7), for the
laboratory-scaled low voltage applications (<1 kV as shown in Table 1.9), the
maximum acceptable voltage THD, range based on IEEE Standard 519-2014 [5] is
required to be lower than 8%. Therefore, this book evaluates the compensation
performance by setting voltage THD < 8%.

Table 1.7 Voltage distortion limits for general distribution systems [5]

Bus voltage V at PCC | Individual harmonic (%) | Total harmonic distortion THD (%)
V<1.0kV 5.0 8.0
1kV<V=<69kV 3.0 5.0
69kV <V <161kV 1.5 2.5
161 kV<V 1.0 1.5%

“High-voltage systems can have up to 2.0% THD where the cause is an HVDC terminal whose
effects will have attenuated at points in the network where future users may be connected
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Table 1.8 Current distortion limits for general distribution systems (120-69,000 V) [5]

Maximum Harmonic Current Distortion in Percent of 7
Individual Harmonic Order (Odd Harmonics)

Isc/IL, h<ll 11 h<17 17 h<23 23 h<35 35 h<50 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 harmonic 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
Isclly,

Where Igc = maximum short-circuit current at PCC, [, = maximum demand load current
(fundamental frequency component) at PCC

Table 1.9 Datasheet of the transformer used in experiments

Model | Voltage Rate Full load Maximum short circuit current
V) impedance current (Ir) (A) at the PCC (I5¢) (A)
(Zr) (%)
SE-10 110 3 26 867

Notes ISC = IF/ZT

Based on current THD; standard (shaded area in Table 1.9), the Total Demand
Distortion (TDD) = 15% with Is/IL falling in 100 < 1000 scale. According to the
THD and TDD definition given below, in the worst case analysis, the nominal rate
current (1,4..4) 1S assumed to be equal to the fundamental load current (/;), which
results in THD = TDD = 15%. Therefore, this book evaluates the compensation
performance by setting current THDi < 15%.

THD :

o0 [o.¢]
SR/ TDD [ 1 /L
n=2 n=2
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Comparisons Among Thyristor s
Controlled LC-Coupling Hybrid Active

Power Filter (TCLC-HAPF) and Other
Different Power Quality Filters

Abstract The design of shunt active power filters (APF) and hybrid active power
filters (HAPFs) characterized by better performance, high reliability, low cost and
failure rates will be the major trend in the future. Over the past few decades,
significant researches were focused on addressing the technical challenges associ-
ated with the parameter design, operation and control of the APF and different
HAPFs. However, the comprehensive review of their V-I characteristics, cost,
reliability, power loss and tracking performance has been rarely studied. Therefore,
this chapter aims to provide a clear picture of the selection of APF and different
HAPFs based on V-I characteristic, cost, reliability, power loss and tracking per-
formance. The supreme one will be selected among APF and different HAPFs by
considering the V-I characteristics, cost, reliability, power loss, and tracking per-
formance. Finally, the experimental results of APF and different HAPFs will be
provided to verify their compensation performances.

Keywords V-I characteristics « Cost - Reliability - Power loss
Tracking performance - Active power filter (APF) - Hybrid active power
filters (HAPFs)

2.1 Introduction

Installation of the current quality compensators is one of the solutions for different
power quality problems such as the low power factor, harmonic current pollution
and unbalanced problem. The historical review of different power quality com-
pensators are summarized in Table 2.1 and compared in the following.

To compensate the reactive power, current harmonics, the passive power filters
(PPFs) were proposed in 1940s. Unfortunately, the PPFs have many disadvantages
like poor dynamic performance, resonance problem, and fixed reactive power
compensation [1, 2]. The static var compensators (SVCs) were firstly proposed in
1960s. And, the SVCs are popularly used for dynamic reactive power compensation
[3]. However, the SVCs still suffer drawbacks such as resonance problem, harmonic
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Table 2.1 Characteristics of different active current quality compensators

Year 1940s 1960s 1976 2003 2014
Compensators PPFs SVCs APFs HAPFs TCLC-HAPFs
Compensation Range Narrow Wide Wide Narrow Wide
Harmonics Compensation Normal Poor Good Good Good
Cost Lowest Low High Normal Normal
Reliabilit High High Low Normal Normal
Switching loss Low Low High Normal Normal
Tracking performance Poor Poor Good Poor Good

Note The shaded area means the undesirable characteristic

current injection and poor harmonic compensation ability. To overcome those
drawbacks of SVCs and provide better performances simultaneously, the active
power filters (APFs) were proposed in the year of 1976 [4—6]. Unfortunately, APFs
still cannot large scale development in the power quality markets due to the high
initial and operational costs. Afterwards, the LC-coupling hybrid active filters
(HAPFs) were proposed in the year of 2003 with low active inverter part rating
[7-9]. Since the rating of the active inverter part is proportional to the cost of
compensators, the HAPFs are more cost-effective than the APFs. However, the
HAPFs have a quite narrow compensation range, which limits its compensation
ability. When the load reactive power is outside its designed range, it loses its
low-inverter rating advantages. From 2014 onwards, the thyristor controlled LC-
coupling hybrid active power filters (TCLC-HAPFs) have been widely studied in
[10-16], which have the desirable characteristics of a wider compensation range
than HAPFs and lower dc-link voltage than APFs for power quality compensation.

Based on above discussions and Table 2.1, the traditional power quality com-
pensators, PPFs and SVCs have inherent problems like resonance problem, slow
response, poor harmonic compensation ability, etc. The above mentioned inherent
problems can be solved if the active inverter part has been added to the topologies
such as APFs, HAPFs and TCLC-HAPFs. However, the cost of PPF and SVC are
lower than that of the active inverter part, thus the reduction of the active inverter
part rating can lead to a decrease in the total cost of APFs, HAPFs and
TCLC-HAPFs. Therefore, this chapter aims to propose comprehensive comparisons
in terms of DC-link voltage, cost, reliability, power loss and tracking performance
of the APFs, HAPFs and TCLC-HAPFs.

The layout of this chapter can be described as following. First of all, the
structures of APF, HAPF and TCLC-HAPF are introduced in Sect. 2.2. Then, the
comparisons among different power quality compensators are given in terms of V-I
characteristic (Sect. 2.3), cost (Sect. 2.4), reliability (Sect. 2.5), power loss
(Sect. 2.6) and tracking performance (Sect. 2.7). After that, the experimental ver-
ifications are provided in Sect. 2.8. Finally, the summary is drawn in Sect. 2.9.
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2.2 Structures of APF, HAPF and TCLC-HAPF

Figures 2.1 and 2.2 show the structures of APF, HAPF and TCLC-HAPF, in which
the subscript “x” stands for phase a, b, and c in the following analysis. v,,, v, and
Vi are the source voltage, load voltage and inverter output voltage, respectively;
is Irx, and i, are the source, load, and compensating currents, respectively. L; is
the transmission line impedance.

For low voltage level applications, the two-level power quality compensators as
shown in Fig. 2.1 can be used to solve power quality issues. In Fig. 2.1, the TCLC
part of the TCLC-HAPF is composed of a coupling inductor L., a parallel capacitor
Cpr, and a thyristor-controlled reactor with Lpr. The coupling component of the
APF is an inductor L. And, the coupling components of the HAPF are an inductor
L in series with a capacitor C. For all three power quality compensators, the active
inverter parts are composed of a voltage source inverter with a DC-link capacitor
CDC'

For the high voltage applications, both coupling LC part of the HAPF and TCLC
part of the TCLC-HAPF can provide large voltage drops, so that the DC-link
voltages can be significantly reduced. However, the minimum required DC-link
voltage for the APFs needs to be higher than the peak value of the line-to-line load
voltage (Vpc > V2 - Vi1) according to [17-19]. When the voltage level is higher
than the maximum rating of power switches, the cascade H bridge technique can be
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Fig. 2.1 Structures of two-level APF, HAPF and TCLC-HAPF
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applied to reduce the high voltage stress across each power switch and DC-link
capacitor as shown in Fig. 2.2.

Based on Figs. 2.1 and 2.2, the APF, HAPF and TCLC-HAPF in terms of V-I
characteristic, cost, reliability, power loss and tracking performance are compared
in the following sections. And, the discussions in this chapter are mainly focused on
10 kV three-phase three-wire systems.

2.3 V-I Characteristics of APF, HAPF and TCLC-HAPF

Based on the structures given in Fig. 2.1, the V-I characteristics of APF, HAPF and
TCLC-HAPF are compared and discussed in Sect. 2.3.1. To prove the proposed V-1
characteristics of APF, HAPF and TCLC-HAPF, the simulation case studies are
given in Sect. 2.3.2.
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2.3.1 V-I Characteristics of APF, HAPF and TCLC-HAPF

Under the fundamental frequency, the purpose of the TCLC-HAPF is to provide the
same amount of reactive power as the loading (Q;,) consumed with the opposite
polarity (Q..= —Q;,). The compensating reactive power of TCLC-HAPF Q. is the
sum of the reactive power Q7c; ¢ provided by the TCLC part and the reactive power
Oimx provided by the active inverter part. Based on above discussions, the rela-
tionship among Q; ., Orcrc, and Q. can be expressed as:

Orx = =0 = —(Qrcrc + Qiny) (2.1)

The reactive power can also be provided in terms of voltage and current as

O = Vilpgx = — (XTCLC(OCx)ICqu + Vinvx(TCLC—HAPF)L‘qx) (2.2)

where V, and V,,.«rcLc-napr) are the RMS values of the coupling point and the
inverter voltages of TCLC-HAPF; «, is the corresponding firing angle; X7y c(a,) is
the coupling impedance of the TCLC part; and 1, and /.., are the RMS value of
the load and compensating reactive currents, where I; ;= I, By further simpli-
fying the (2.2), the Vj,xrcrc-napr) can be simplified as:

Vins(rerc—uapry = Va + Xrere (o) g (2.3)
In (2.3), the TCLC part impedance X7 ¢ c(o,) can be expressed as:

Xrer(ow)Xc
X = STeRISGr L x,
rere (o) Xy — Xrer(o) + X1,

_ TCXLPFXCPF
Xcpp (2 — 200, + sin 20t,) — X[,

+ X1,
(2.4)

In (2.4), X; ., X; prand Xcpp, are the fundamental impedances of L., Lpp, and Cpr,
respectively. Equation (2.4) shows that the TCLC part impedance is controlled by
firing angle . The minimum inductive and capacitive impedances (absolute value) of
the TCLC part can be obtained by substituting the firing angles o, = 90° and
o, = 180°, respectively. In the following discussions, the minimum value for impe-
dances stands for its absolute minimum value. The minimum inductive (X, qgniny> 0)
and capacitive (Xcgpominy< 0) TCLC part impedances can be expressed as:

+ X,

c

s X1, XCpp
Xlnd(min)(ax =90 ) - Xc PI_ };Ii
PF PF

(2.5)
XCap(min)(aX - 1800) - 7XCpp +XL( (26)

As shown in (2.4), if the Xr¢y (o) is controlled to be V, = Xypcrc(a)l 4y the
minimum inverter voltage can be obtained (Vi,wrcrc-rarr) = 0). In this case, the
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power loss and switching noise can be significantly reduced. A small active inverter
voltage Vi xoninyrcrc-rapr) of the TCLC-HAPF is necessary to avoid mistuning the
firing angles, to absorb the harmonic current generated by the TCLC part, and to
prevent a resonance problem. Moreover, if the loading capacitive current or
inductive current is outside the TCLC part compensating range, the active inverter
voltage Vi,.xrcrc-napr can be used to further enlarge the compensation range.

The coupling impedances for APFs and HAPFs, as shown in Fig. 2.1, are fixed
as X; and X; — X¢. The relationships among the load reactive current I, the
inverter voltage V., the load voltage V, and the coupling impedance of APF and
HAPF can be expressed as:

Vinvx(APF) =Vi+ XLIqu (27)

Vinnx(rapr) = Vo + (Xo — X )l (2.8)
where X X;. Based on (2.3)—(2.8), the V-I characteristics of the APF, HAPF,
and TCLC-HAPF can be plotted as shown in Fig. 2.3.

As shown in Fig. 2.3a, when the loading is inductive, the required active inverter
voltage Vi,xapr of the APF is larger than V.. In contrast, when the loading is
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capacitive, the required Vi, apr) is smaller than V,. Due to the small value of
coupling inductor L [20-24], the required inverter voltage Vj,,xapr) is close to the
coupling load voltage V..

In Fig. 2.3b, it is shown that the required active inverter voltage Vi xmapr) Of
the HAPF is lower than V, under a small inductive loading range. And, when the
coupling capacitive impedance can fully compensate the loading reactive current,
the required Vi, xmapr) of the HAPF can be as low as zero. In contrast, when the
loading is capacitive or outside its small inductive loading range, Vi,.xmapr) 1S
larger than V,. Therefore, the HAPF only has the small inductive compensation
range.

As shown in Fig. 2.3c, the required active inverter voltage Vivrcrc-mapr) of
the TCLC-HAPF can be maintained at a minimum level (Viyyxoninyrcrc-napr)) for a
large inductive and capacitive reactive current range. Moreover, when the loading
reactive current is outside the compensation range of the TCLC part, the V;,,,
(rcLc-uaprry 1 slightly increasing to further enlarge the compensating range.

Compared with APF in Fig. 2.3a and HAPF in Fig. 2.3b, the proposed
TCLC-HAPF in Fig. 2.3c has the superior V-I characteristics of a wider compen-
sation range with a low inverter voltage. In addition, three cases represented by
points A, B, and C in Fig. 2.3 are simulated in Sect. 2.3.2.

2.3.2 Simulation Case Studies

In this section, the simulation results are provided and compared among APF,
HAPF, and the TCLC-HAPF. The previous discussions of the required inverter
voltages (or DC-link voltage Vpe = V243 Vimx) are also verified by simula-
tions for different power quality compensators. The simulation studies are carried
out with PSCAD/EMTDC. Table 2.2 shows the simulation system parameters for
APF, HAPF, and TCLC-HAPF. In addition, three different cases of loading are
built for testing: (A) inductive and light loading, (B) inductive and heavy loading,
and (C) capacitive loading. These three testing cases are also represented by points
A, B, and C in Fig. 2.3. The detailed simulation results are summarized in

Table 2.2 Simulation and experimental parameters for APF, HAPF and TCLC-HAPF

Parameters Physical values
System parameters vy, f, L 110 V, 50 Hz, 0.1 mH
Traditional APF L 5 mH
HAPF L, C 5 mH, 80 uF
TCLC-HAPF L., Lpg, Cp 5 mH, 30 mH, 160 uF
Case A: inductive and light loading Ly, Ry 30 mH, 14 Q
Case B: inductive and heavy loading Lis, Rio 30 mH, 9 Q
Case C: capacitive loading Cis, Ri3 200 uF, 20 Q
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Table 2.3 Simulation results for inductive and capacitive reactive power compensation of APF,
HAPF and TCLC-HAPF

Loading Type Without and With Comp. in(A) DPF THDi. (%) Vp(V)

. Before Comp. 6.50 0.83 0.01 --
oase A APF 5.55 1.00 7.22 300
light loading HAPF 5.48 1.00 2.01 80
TCLC-HAPF 5.48 1.00 1.98 50

Before Comp. 8.40 0.69 0.01 --
Case B: APF 5.95 1.00 6.55 300
inductive and HAPF 6.30 0.85 17.5 50
heavy loading HAPF 5.90 0.98 7.02 300
TCLC-HAPF 5.89 1.00 2.10 50

Before Comp. 4.34 0.78 0.01 --
Case C: APF 3.67 1.00 7.61 250
capacitive loading HAPF 7.10 0.57 23.5 50
HAPF 5.02 0.99 10.6 500

TCLC-HAPF 3.41 1.00 3.01 50

Note The shaded areas indicate undesirable results

Table 2.3. Finally, the discussions in this section will be summarized in
part D. With the consideration of IEEE standard 519-2014 [25], the below results
evaluate the compensation performance by setting THD < 15%.

A. Inductive and Light Loading

When the loading is inductive and light, APF requires a high DC-link voltage
(Vpcrry > V2V =269V, Vbcwpr= 300 V) for compensation. After com-
pensation, the source current iy, is reduced to 5.55 A from 6.50 A. And, the
source-side displacement power factor (DPF) is compensated from 0.83 to unity. In
addition, the source current total harmonics distortion (THD;,,) is 7.22% after
compensation, which can satisfy the international standard [25] (THD;s < 15%).

For HAPF compensation, the coupling impedance contributes a large voltage
drop between the load voltage and the inverter voltage, so that the required DC-link
voltage can be small (Vpcwapm= 80 V). The i, DPF and THD;, are compensated
to 5.48 A, unity, and 2.01%, respectively.

For the proposed TCLC-HAPF compensation, the i,,, DPF, and THD;, are
compensated to 5.48 A, unity, and 1.98%, respectively. As discussed in the pre-
vious section, the low DC-link voltage (Vpcrcrc-uapm= 50 V) of TCLC-HAPF is
used to avoid mistuning of firing angles, prevent resonance problems, and reduce
the injected harmonic currents.

B. Inductive and Heavy Loading

To compensate the inductive and heavy loading, the APF still requires a high
DC-link voltage of Vpcwprm= 300V for compensation. The APF can obtain
acceptable results (DPF = 1.00 and THD;s = 6.55%). The iy, is reduced to 5.95 A
from 8.40 A after compensation.

With a low dc-link voltage (Vpc@apr= 50 V), the HAPF cannot provide sat-
isfactory compensation results (DPF = 0.85 and THD;s, = 17.5%). However, when
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the DC-link voltage is increased to Vpc= 300 V, the compensation results
(DPF = 1.00 and THD;s = 7.02%) can satisfy the international standard [25]
(THDsx < 15%). The i, is reduced to 5.90 A from 8.40 A after compensation.
In contrast, the proposed TCLC-HAPF can still obtain acceptable compensation
results (DPF = 1.00 and THD;, = 3.01%) with a low DC-link voltage of Vpc
acrc-aarr= 50 V. The i, is reduced to 5.89 A from 8.40 A after compensation.

C. Capacitive Loading

When the loading is capacitive, the compensation results of APF are acceptable
with VDC(APF)= 250V (VDC(APF) < \/E VL*L =269 V) The DPF and THDisx are
compensated to unity and 7.61%. And, the i, is also reduced to 3.67 A from
4.34 A after compensation.

For HAPF with Vpcapr = 50 V compensation, the i, increases to 7.10 A
from the original 4.34 A. And, the compensation performances (DPF = 0.57 and
THD;s, = 23.5%) cannot satisfy the international standard [25] (THD;s < 15%).
However, when Vpc is increased to 500 V, the DPF is improved to 0.99 and the
THD;, is reduced to 10.6%, which can be explained by its V-I characteristic.
However, the compensated i, = 5.02 A is still larger than i;= 3.73 A before
compensation.

With the lowest DC-link voltage (Vpererc-mapm= 50 V) among three power
quality compensators, TCLC-HAPF can still obtain the superior compensation
results with DPF = 1.00 and THD;s = 3.01%. In addition, the i, is reduced to
3.41 A from 4.34 A after compensation.

D. Summary of the V-I Characteristics and Simulation Results

Based on the above discussions and simulation results, a summary can be drawn as
follows:

1. The APF can compensate both inductive and capacitive reactive currents with a
high DC-link voltage due to small coupling inductor impedance.

2. Compared with TCLC-HAPF, the APF obtains the poor source current THD;g,
(caused by switching noise) due to the high dc-link voltage.

3. The HAPF has a low DC-link voltage characteristic only under a narrow
inductive loading range. However, when the loading current is outside its
designed range, the HAPF requires the high DC-link operating voltage due to
the large coupling capacitor impedance.

4. The TCLC-HAPF obtains the superior performances among the three power
quality compensators under both inductive and capacitive loadings.

5. The TCLC-HAPF has the desirable characteristics of wide compensation range
and low DC-link voltage.
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2.4 Cost Comparison Among APF, HAPF
and TCLC-HAPF

In this part, the cost study of APF, HAPF and TCLC-HAPF will be provided and
compared under different voltage levels namely: low voltage level applications
(£10 kV) and high voltage level applications (>10 kV).

2.4.1 Cost Comparison Among APF, HAPF
and TCLC-HAPF Under Low Voltage Levels

For the low voltage level applications, the cost study is done under the following
assumptions:

1. The cost comparisons are given under the commonly used low voltage levels:
0.38, 3, 6 and 10 kV.

2. The devices and components costs are dominated for the low voltage level
applications. Therefore, the total cost is calculated as the sum of all components
in each compensator.

3. When the voltage level is higher than the maximum rating of power switches,
the cascade H-bridge voltage source inverter (VSI)/APF is applied to reduce the
high voltage stress across each power switch and DC-link capacitor.

If the voltage rating of the IGBT is higher than the required DC-link voltage, the
structure of APF is applied as Fig. 2.1. On the other hand, if the voltage rating of
the IGBT is lower than the required DC-link voltage, the APF requires cascade
H-bridge VSI structure to release the voltage stress on IGBT as shown in Fig. 2.2.
Based on above discussion, the estimation cost equations of the APF and cascade
H-bridge APF can be expressed as:

Costapr = 6 - Costiger + Costpc_cap + 3 - Costac_ina + Costconr (2.9)

Costyguisi apr = 12n - Costigpr + 3n - Costpc_cap + 3 - Costac_ina + Costconr
(2.10)

where Costigpr, Costpc_cap, and Costac g are costs of each IGBT and its driver,
DC capacitor and AC inductor, respectively. Cost.,, is the cost of controller such
as DSP and PFGA. n is the number of stage in each phase which depends on the
ratio of minimum required DC-link voltage and voltage rating of power switches.
For the single-stage APF as shown in Fig. 2.1, there are six IGBTs, one DC
capacitor and three AC inductors. However, for cascade H-bridge APF as shown in
Fig. 2.2, the numbers of required IGBTs and DC-link capacitors are related to n,
which are 12n and 3n, respectively.
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The HAPF is made up of a coupling LC filter and a VSI. The coupling LC filter
can provide the large voltage drop so that the DC-link voltage of active VSI is low
and the cascade H-bridge structure can be avoided. Therefore, the total cost of the
HAPF can be expressed as:

Costyapr = 6 - Costigpr +3 - COStDc_Cap +3 - Costac_ina

(2.11)
+3- COSIAC_Cap + COSlContr

where Costigpr, Costpc_caps COStac_in and Costac_cqp are costs of each IGBT and
its driver, DC capacitor, AC inductor and AC capacitor, respectively. And Costcop,,
is the cost of controller such as DSP and PFGA. In coupling LC part, there are three
AC inductors and three AC capacitors. And there are one DC capacitor and six
IGBTs in the active VSI part of HAPF.

As for the structure of TCLC-HAPF, the DC-link voltage of the active VSI is
low due to the significant voltage drop of TCLC part. The total cost of the
TCLC-HAPF can be expressed as:

Costrcrc—mapr = 6 - Costigpr + Costpc_cap + 6 - Costryy

(2.12)
+6- COStAC_ind +3- COSIAC_Cap + COStContr

where Costigpr, Costpc_cap» Costryy, Costac g and Costac_cqp are costs of each
IGBT, DC capacitor, thyristor, AC inductor and AC capacitor, respectively. And
Costconsr 18 the cost of controller like DSP and FPGA. TCLC-HAPF is made up of
TCLC part and an active inverter part. In TCLC part, there are six AC inductors and
three capacitors. And there are one DC capacitor and six IGBTs in the active
inverter part of the TCLC-HAPF.

With the cost study of each component [26-29], the cost comparisons among
APF, HAPF and TCLC-HAPF under 0.38, 3, 6 and 10 kV can be summarized in
Table 2.4.

Table 2.4 Cost comparisons among APF, HAPF and TCLC-HAPF under 0.38, 3, 6 and 10 kV

Voltage (V) Power and Cost comparisons
kV) current ratings
0.38 - APF < HAPF < TCLC-HAPF
3 <250 kVA (50 A) |HAPF < TCLC-HAPF < APF (< 250 kVA)
>250 kVA (50 A) | HAPF < APF < TCLC-HAPF (> 250 kVA)
6 <700 kVA (70 A) |HAPF < TCLC-HAPF < Cascade H-bridge APF
(<700 kVA)
>700 kVA (70 A) | HAPF < Cascade H-bridge APF < TCLC-HAPF
(>700 kVA)
10 - HAPF < TCLC-HAPF < Cascade H-bridge APF
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2.4.2 Cost Comparisons Among APF, HAPF
and TCLC-HAPF Under High Voltage Levels

For the high voltage level cost comparison, the components cost may not be
dominated cost. Many aspects need to be considered as below [27-29]: (a) Field
construction cost, (b) Auxiliary components cost, (c) Magnetic components cost,
(d) Passive components cost and (e) Solid-state devices cost. Each aspect has its
corresponding portion of total cost.

In the industrial market, the costs of PPF, SVC and APF in terms of power rating
are available in [28, 29] (shown as Fig. 2.4a, b). Even the detailed costs of the
HAPF and TCLC-HAPF cannot be found, the cost of the HAPF and TCLC-HAPF
can be approximately calculated by using the costs of PPF, SVC and APF [28, 29].

(@ (b)

US$/kVA
US$/kVA

ol—i & & i i § § i ol—i & § i i § i i
0O S50 100 150 200 250 300 350 400 450 500 0O 50 100 150 200 250 300 350 400 450 500

Power Rating (MVA) Power Rating (MVA)

US$/KVA
US$/kVA

o i H i H H H i H

0O 50 100 150 200 250 300 350 400 450 500
Power Rating (MVA) Power Rating (MVA)

Fig. 2.4 Typical high voltage investment costs for a PPF and SVC b APF, ¢ HAPF,
d TCLC-HAPF



2.4 Cost Comparison Among APF, HAPF and TCLC-HAPF 29

The HAPF can be considered as the PPF in series with APF (active inverter
part). However, the required rating of the active inverter part of HAPF is much
lower than APF. The cost of HAPF can be approximately calculated as:

Costyapr = kuapr - Costapr + Costppr (213)

where Cost,pr and Costppr are the costs of APF and PPF respectively. The kyapr is
the power ratio of active inverter part between HAPF and APF. If the k4 pf is small
enough, the HAPF is cheaper than APF. Taking an example of the simulation case
studies as shown in Sect. 2.3.2 (Table 2.4), the capacity of the active inverter part
(or DC-link voltage) of HAPF is only kgapr= 27% of the capacity of the APF.
The TCLC-HAPF can be considered as the SVC part (TCLC part) in series with
active inverter part. The cost of TCLC-HAPF can be approximately calculated as:

Costrcrc—vapr = krcrc—napr - Costapr 4 Costsyc (2.14)

where Costspr and Costsyc are the costs of APF and SVC respectively. The
krcrc-napr 1 the power ratio of active inverter part between TCLC-HAPF and
APF. Taking an example of the simulation case studies as shown in Sect. 2.3.2
(Table 2.4), the capacity of the active inverter part (or DC-link voltage) of the
TCLC-HAPEF is only krcrc.pap= 17% of the capacity of the APF for wide range
compensation (both inductive and capacitive).

Based on (2.13), (2.14) and the cost study in [28, 29], the costs of the PPF, SVC,
APF, HAPF and TCLC-HAPF can be plotted as in Fig. 2.4.

In Fig. 2.4, there are two limit lines for each compensator. The lower limit cost
line indicates the equipment cost, while the upper limit means the total investment
cost. It is clearly shown that at low power rating, the cost per MVA is higher than at
the high power rating. By comparing the cost in Fig. 2.4, it can be seen that the cost
of both HAPF and TCLC-HAPF are around 7.7-23% cheaper than the APF for
high voltage level applications.

Based on above cost study in Table 2.4 and Fig. 2.4, it can be said that the
HAPF and TCLC-HAPF offer cost-effective ways for high voltage applications
(> 10 kV) compared with the conventional cascade H-bridge APF.

2.5 Reliability Comparison Among APF, HAPF
and TCLC-HAPF

In order to have a high-quality performance, all of the components of power quality
compensators are required to work safely and well-functioning. In the practical
systems, all of the components have specific failure rate and repair/replacement
time. Among them, the switching components like IGBTs and thyristors have the
highest failure rates, so that only switching components are focused for the relia-
bility comparison among different power quality compensators. In the following, a
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reliability comparison among APF, HAPF and TCLC-HAPF under a medium
voltage application (10 kV) is discussed.

For a medium voltage application (10 kV), the required DC-link voltage of the
HAPF and TCLC-HAPF are around 4.0 kV (27% of APF rating) and 2.6 kV (17%
of APF rating), respectively (based on simulations in Sect. 2.3.2). In contrast, the
minimum required DC-link voltage of APF is about 15 kV (Vpc > V2 - ViL)s
which is higher than the voltage rating of any existed IGBT devices, so that the
APF requires a cascade H-bridge structures as shown in Fig. 2.2 to reduce the high
voltage stress across each power switch and DC-link capacitor. To reduce the
DC-link voltage level at each level to be similar as TCLC-HAPF (about <3 kV), the
HAPF and APF require two stages and five stages H-bridge structures in each
phase, respectively. And, the total required switching components of the HAPF and
APF are 24 and 60. As for TCLC-HAPF, the total required switching components is
just 12. Considering the system can work if and only if all the components are
functioning well, the system reliability can then be roughly calculated as [30-33]:

Reyy = e~ (2.15)

where Re,,, and 4,,, are the total reliability and total failure rate of the system. The
Aswor 18 the sum of failure rate of different components as shown in Table 2.5. The
detailed failure rate calculation steps of IGBT, thyristor, inductor, AC capacitor and
DC-link capacitor in Table 2.5 are provided in Appendix A-E, respectively.

Based on (2.15) and Table 2.5, the system reliability of APF, HAPF and
TCLC-HAPF can be plotted as Fig. 2.5.

From Fig. 2.5, it can be clearly observed that the TCLC-HAPF has much higher
reliability than the cascade H-bridge HAPF and APF. Therefore, the potential
maintenance time and costs of the TCLC-HAPF can be significantly reduced.

Table 2.5 The failure rate of each component in power quality compensators [31-33]

Component /yp (failure/ 108 h) APF HAPF TCLC-HAPF
IGBT JpaceT) = 12.0 720 (n = 60) 288 (n = 24) 72 (n = 6)
Thyristor Jop(Thyristor) = 160.4 0 0 98.4 (n = 6)
AC inductor Jpy = 0.0718 0.215 (n = 3) 0.215 (n = 3) 0.215 (n = 3)
AC capacitor Apcy = 1.25 0 375 (n =3) 3.75 (n =3)
DC-link capacitor Jpcy = 0.102 1.52 (n = 15) 0.612 (n = 6) 0.102 (n=1)
Whole system Atot 721.7 292.6 174.46
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2.6 Power Loss Comparison Among APF, HAPF
and TCLC-HAPF

The power loss of the APF, HAPF and TCLC-HAPF are mainly from IGBTs and/or
thyristors (switching loss), DC-link capacitor, coupling inductor and/or coupling
capacitor.

A. Switching Loss from IGBTs and/or Thyristors

The switching loss of the APF and HAPF are mainly from the switching compo-
nents (IGBTs) in the active inverter part. In contrast, the switching loss of the
TCLC-HAPF consists of two parts: (1) switching loss from IGBTs in active inverter
part and (2) switching loss from thyristors in TCLC part.

The total turn-on and turn-off switching loss from IGBTs in the active inverter
part can be calculated as [34]:

Ic

1 M 1 I Icy
Powicnr = Voclenfor = tv - 4ty (oe + — - - 2.16
ucer) = Voclemfs (8 N o + ﬂv(37t +52 ICN)> (2.16)

where Vpe, Loy Iens tns ty and f,, are the DC-link voltage, maximum collector
current, rated collector current, rated rise time, rated fall time, and switching fre-
quency, respectively.

The thyristors in TCLC part only turn on once in a fundamental period which is
different with IGBTs in the active inverter part. In TCLC-HAPF applications, the
on-state switching loss is the dominant part for thyristors that can be easily cal-
culated as [35]:
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Table 2.6 The parameters’ values of IGBT modules (FZ1000R33HL3) and thyristor modules
(T1901N)

[ 0.55 ps Vbe 2800 V rr 0.44 mQ
th 0.40 ps Ien 1000 A Uro 124V
2
Psw(thyristor) = Uro X Itay + 11 X ITRMS (217)

where Irgys is the RMS value of current passing though thyristor, I74y is the
average value of current passing though thyristor, Uz is the thyristor threshold
voltage and rr is the thyristor slope resistance.

Ina 10 kV system, the 3.3 kV IGBT modules (FZ1000R33HL3) are selected for
the active inverter parts of the cascade H-bridge APF and HAPF, and also for the
TCLC-HAPF. Meanwhile, the 8 kV thyristor modules (T1901N [36]) are used for
the TCLC part of the TCLC-HAPF. The parameters’ values of IGBT modules
(FZ1000R33HL [37]) and thyristor modules (T1901N) are provided in Table 2.6.

B. Power Loss from Coupling Inductor, Coupling Capacitor and DC-link
Capacitor

The power loss of the coupling inductor, coupling capacitor and DC-link capacitor
are mainly caused by the equivalent series resistance (ESR) in them. The power loss
of the coupling inductor, coupling capacitor and DC-link capacitor can be
expressed as:

Ploss(L) = ESR;, - Ii\ (218)
Ploss(C) = ESRc - Iczx (219)
Pross(Cpe) = ESRc, - Iczx (2.20)

where ESR;, ESRc and ESRcpc are the equivalent series resistances of the coupling
inductor, coupling capacitor and DC-link capacitor, respectively. And I, is the
compensating current. According to [38—40], reasonable assumptions have been
given as: ESR;= 2.5 mQ, ESR- = 20 mQ and ESRcpc= 30 mQ.

Based on (2.16)—(2.20), Table 2.6 and the assumptions of Icy = Irrys = Irav=
I, and f,,,= 5 kHz, the total power loss of the APF, HAPF and TCLC-HAPF can
be plotted as:

From Fig. 2.6, it can be clearly observed that the TCLC-HAPF has much lower
power loss than the cascade H-bridge APF and HAPF, especially under a higher
current situation.
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Fig. 2.6 The power loss of x 10*
APF, HAPF and 16
TCLC-HAPF
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2.7 Tracking Performance Comparison Among APF,
HAPF and TCLC-HAPF

With the similar active inverter part control method, the compensator’s response
time and tracking performance mainly depends on the structure characteristics and
DC-link voltage. In this part, the response time and tracking performance among
the APF, HAPF and TCLC-HAPF are compared. Figure 2.7 shows the tracking
performances by applying APF, HAPF and TCLC-HAPF under different loadings
cases.

Based on Fig. 2.7a, the transient response of APF is less than half cycle to settle
down, when the load reactive power changes from capacitive to inductive.
However, when the load reactive power is changing from light inductive loads to
heavy inductive load, the transient time is very short and the source current
waveforms are smooth. Meanwhile, the source reactive power is compensated to
around zero even during the transient time.

From Fig. 2.7b, the HAPF can only compensate small fixed amount of reactive
power (inductive light loads). And, the HAPF cannot provide satisfactory com-
pensation results when the reactive power is capacitive or heavy inductive. The
fundamental reactive power cannot be compensated to around zero for capacitive
loads and heavy inductive loads. Therefore, the tracking performance of the HAPF
is poor due to its inherent structure characteristic.

From Fig. 2.7c, the TCLC-HAPF takes less than one cycle to settle down, when
the load reactive power changes from capacitive to inductive. However, when the
load reactive power is changing within the inductive range, the transient time is
significantly reduced and the source current waveforms are also very smooth.
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Fig. 2.7 Dynamic compensation waveforms of load voltage, dc-link voltage, source current, and
load and source reactive power by applying APF, HAPF and TCLC-HAPF under different
loadings cases
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Based on simulation results and discussions, both APF and TCLC-HAPF obtain
fast response and good tracking performance, while the HAPF has poor tracking
performance.

2.8 Experimental Results

This part aims to prove the DC-link voltage characteristics, tracking performances and
compensation performances of APF, HAPF and TCLC-HAPF. The three-phase
three-wire hardware experimental prototypes of the APF, HAPF and TCLC-HAPF are
constructed in the laboratory. The following experimental results are preformed under
the same voltage level V; ;= 191 V with same hardware prototype rating of 5 kVA.

2.8.1 Experimental Results of APF

Figure 2.8 shows the three-phase three-wire experimental system voltage current
source voltage, current and DC-link voltage before and after APF compensation.
From Fig. 2.8 and Table 2.7, after APF compensation, it can be seen that the
experimental PF and THD;,, can be improved to 0.98, 9.5% for the worst phase for
the Ist loading compensation, and 0.99 and 8.7 for the Ist and 2nd loading com-
pensation. The required DC-link voltage for APF is about 340 V.

For the transient performance as shown in Fig. 2.8b, when the load suddenly
changes, the response time of the conventional APF is less than one fundamental
period.

2.8.2 Experimental Results of HAPF

Figure 2.9 and Table 2.7 show the experimental compensation performance of the
HAPF. From Fig. 2.9a and Table 2.7, it can be seen that the experimental PF and
THD;,, are compensated to 0.85 and 12.5% for the worst phase after the HAPF
compensation. Due to the loading falls outside its operational range, thus the
PF even becomes worse after compensation. During the start-up process, the HAPF
requires about five fundamental periods to charge the DC-link voltage to its ref-
erence value. And, the DC-link charging period mainly depends on the design (like
P or PI gain) of the controller.

From Fig. 2.9b and Table 2.7, the experimental PF and THD;,, are improved to
0.99 and 7.5% for the worst phase during the 1st and 2nd loads compensation. And, the
required DC-link voltage for the HAPF is about 105 V. For the transient performance
as shown in Fig. 2.9b, when the load suddenly changes, the response time of the
conventional HAPF is about 7 ms, which is less than one fundamental period.
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Fig. 2.8 Waveforms of source voltage, current, natural current and DC-link voltage: a before and

after APF starts operation during 1st load and b when 2nd load is connected
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Table 2.7 Experimental results by using HAPF and SVC-HAPF

Load Type %Vf)fr‘;e; after Comp-for [ ) | pr THD. (%) Voc(V)
Before Comp. 6.6 0.96 24.5 --
1"nonlinear APF 6.8 0.98 9.5 340
load HAPF 7.1 0.85 12.5 105
SVC-HAPF 6.5 0.99 6.3 60
1% and Before Comp. 8.5 0.94 21.1 --
2 onlinear APF 9.4 0.99 8.7 340
loads HAPF 9.4 0.99 7.5 105
SVC-HAPF 8.4 0.99 5.5 60

Note The shaded areas indicate undesirable results

Based on Fig. 2.9 and Table 2.7, it can be verified that the HAPF has narrow
compensation range, thus causing over-compensation for the 1st loading compen-
sation. And, the PF and THD;,, compensation performance is relatively poor for the
1st inductive loading case.

2.8.3 Experimental Results of TCLC-HAPF

Figure 2.10 shows the experimental compensation performance of the
TCLC-HAPF. From Fig. 2.10 and Table 2.7, it can be seen that the experimental
PF and THD,, can be improved to 0.99, 6.3% (the worst phase) for the 1st load
compensation. And the experimental PF and THD;,, are improved to 0.90, 5.5%
(the worst phase) for the 1st and 2nd loads compensation. To compensation both
loads, the TCLC-HAPF required DC-link voltage is about 60 V. And, from
Fig. 2.10b, the response time during the loads changing is short and the tracking
performance is good.

2.9 Summary

In this chapter, the comparisons among the APF, HAPF and TCLC-HAPF have
been provided in terms of V-I characteristic (compensation range and require
DC-link voltage) cost, reliability, power loss and tracking performance. Compared
TCLC-HAPF with APF and HAPF, it has higher reliability and lower power loss
than both APF and HAPF. Besides, the TCLC-HAPF can be more cost effective
than the APF for medium/high voltage level applications (> 10 kV). In addition,
the TCLC-HAPF has wider reactive current compensation range than the HAPF
and lower DC-link voltage than the HAPF. Therefore, the TCLC-HAPF has a large
potential to be further developed for medium/high voltage level applications.
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2.10 Appendix: Calculation of Failure Rate for Different
Components

The Appendix A-E is used to calculate the IGBT,thyristor, inductor, AC capacitor
and DC-link capacitor, respectively. And the calculated results are used to support
the Table 2.5 in Sect. 2.5.

A. Calculation of Failure Rate for IGBT
The failure rate of switch (IGBT or Thyristor) can be calculated as [31-33]:

ZP(IGBT or Thyristor) = 4b(IGBT or Thyristor) X TQ X Ta X TE X 7T (2.21)

where the A,qGpr) is the base failure rate of IGBT (4,,) which is a constant and equal
t0 0.012 [32]. mg, ma, g and 7y are quality factor, application factor, environment
factor and temperature factor, respectively. ng (=5.5), ma(=10), and ng(=6) can be
obtained from Tables 2.8-2.10 [32], respectively. And the mt can be calculated
from (2.22) from Tables and 2.9, respectively.

<71925><(7Tj+12737ﬁ))

TT(1GBT) = €XP (2.22)
where T; is the junction temperature which can be determined by:
T/' =Tc+ Hjc X Psw(lGBT) (2.23)

where T¢ is the heat sink temperature, 0,. is the thermal resistance of the switch or
diode, and PgyageT) is the total loss of switch which can be expressed as:

Lew L1 ICM)) (2.24)

1
Py, = Voclemfow | gtin— +tn(= + 55 5—
(IGBT) pclemf; (8 N e + ﬂv(37t + 24 Ton

By substituting the data in Table 2.12, the PyyaceT) = 166.7 W. With reason-

able assumptions of Tc=45 °C and 0;. = 0.25 in [31], the T; (=86.7 °C) and
nraceT) (=3.03) can be calculated through (2.2) and (2.3).

Table 2.8 Quality factor for semiconductors, capacitors and coils

Semiconductor | Quality | JANTXV JANTX |JAN |Plastic |Lower |-
TQ 0.7 1.0 2.4 8 5.5 -

Capacitor Quality | MIL-C-15305 S R P Lower |M
g 4.0 0.030 0.10 |0.30 20 1.0

Coil Quality | Non-Est. Rel. S R P Lower |M
o 3.0 0.030 0.1 0.30 10 1.0
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Table 2.9 Application factor

Application (P,, rated output power) A
Linear application (P, <2 W) 1.5
Small signal switching 0.7
Non-linear (P, > 2 W)

2 <P.<5W 2.0
5 <P, <50W 4.0
50 < P, <250 W 8.0
P, > 250 W 10

}vP(IGBT) = ;“b(IGBT) X TQ X A X Mg X T
=0.012 x 5.5 x 10 x 6 x 3.03 = 12.0 (failure/10° h)

B. Calculation of Failure Rate for Thyristor

The basic data for calculating of failure rate of thyristor are similar to IGBT as
shown in below:

Ah 0.012 TQ 5.5 TA 10
. 6 Te 45 °C 05 0.25

The Pgyrhyristory 18 the total loss of switch which can be expressed as:
Psw(thyrislor) = Uro X Itay +rr X I%RMS (225)

By substituting the data in Table 2.12 the Pgy(rhyristory = 256.6 W. By substi-
tuting the T; (=109.15 °C) into (2.22), the nrgcpT) can be calculated as (4.15). With
above parameters, the Ayrnyristory can be calculated through (2.17) as:

lP(Thyristor) = Ap(Thyristor) X TQ X TA X Tg X 7T
=0.012x55x10x6x4.15=164 (failure/lO6 h)

C. Calculation of Failure Rate for Inductor

The failure rate of inductor can be calculated as [32]:
/IP(L) = ;“b(L) X Tic X g X T (226)

where Ay is the base failure rate of inductor. g, 74 and 7 are quality factor and
contact construction factor, respectively. The ng (=20), g (=4), and 7c (=1) can be
obtained from Tables 2.8, 2.10 and 2.11 [32], respectively. The A, is the base
failure rate of inductor which can be expressed as:
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Table 2.10 Environment factor for semiconductors, inductors, and capacitors

Environment | mg Environment | mg
Semiconductor | Inductor | Capacitor Semiconductor | Inductor | Capacitor
Gy 1.0 1.0 1.0 Aye 20 6.0 28
Gy 9.0 12 12 Agw 24 25 27
Gr 6.0 4.0 2.0 Ayr 43 8.0 35
N 9.0 5.0 6.0 N2 0.5 0.5 0.5
Ny 19 16 17 My 14 13 14
Air 29 7.0 12 CL 320 610 690
Aic 13 5.0 10 M, 32 34 38

Table 2.11 Contact construction factor

Contact construction e
Metallurgically bonded 1.0
Non-metallurgically bonded and spring loaded contacts 2.0

Tys +273)15f‘

jvb(L) = 0.00035 x exp( 329

(2.27)

where Tys is the hot spot temperature of the inductor (in °C) and it can be calcu-
lated, as follows:

Tus = Ta+ 1.1 X AT (228)

where T, is the device ambient operating temperature (in °C) and AT is the average
temperature rise (in °C). Referenced to [32] (T4= 22.7 and AT = 30), the Ty can be
calculated as 55.7 °C. Through (2.27), the /yq, is calculated to be 8.98 x 1074
Through (2.26), Apq, can be calculated as:

Ap(L) = Ap(ry X e X Mg X Mg = 8.98 x 107 x 20 x 1 x 4
= 0.0718 (failure/10° h)

D. Calculation of Failure Rate for AC Capacitor

The failure rate of AC capacitor can be calculated as [32]:
Zp(C) = Ap(c) X ey X MQ X TR (2.29)

where Ay is the base failure rate of capacitor. ncy, g and mg are capacitance
factor, quality factor and environment factor, respectively. 7 (=10) and 7g (=2) can
be obtained from Table 2.9, respectively. The A, is the base failure rate of AC
capacitor which can be expressed as:
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3 oy
Jn(e) = 0.00254 x [<%> 11| exp™®x (A7) (2.30)

where S is the ratio of operating voltage to the rated voltage, T is the device
ambient operating temperature (in °C). For the ac capacitor in both HAPF and
TCLC-HAPF, the AC capacitor is design to provide the major voltage
drop. Therefore, the S is approximately equal to 1. Substituting S =1 and
T,= 227 °C into (2.30), the A,)=0.10. The capacitance factor mcy can be
expressed as:

ey = 0.34 x CO12 (2.31)

where C is the capacitance in microfarad (uF). According to case study in section,
the C is assumed to be 160 pF. By using (2.31), ncy can be calculated as 0.625.
Through (2.29), Ap«c) can be calculated as:

)VP(C) = 4p(c) X ey X TQ X Mg = 0.10 x 0.625 x 10 x 2 =1.25

E. Calculation of Failure Rate for DC-link Capacitor

The calculation of failure rate for dc-link capacitor can basically follow the steps in
above section D. However, for the dc-link capacitor; the capacitance of 3000 pF is
selected. The capacitance factor mcy can be calculated as:

ney = 0.34 x C*12 =0.779

Based on (2.30), the S in (2.30) for dc-link capacitor is equal to 2800/
10,000 = 0.28. Substituting the S = 0.28 and T,= 22.7 °C into (2.30), the Ap, can
be expressed as:

0.28\°
A = 0.00254 —_— 1
b(C) X l( 0.5) +

exp™ % (35) = 6,539 x 1073

Through (2.29), Ap() can be calculated as:
Ap(c) = Ap(c) X ey X o X g = 6.539 X 1072 % 0.779 x 10 x 2 = 0.102

In 10 kV system, the 3.3 kV IGBT modules (FZ1000R33HL3) are selected for
active inverter parts of cascade H-bridge APF, HAPF and TCLC-HAPF.
Meanwhile, the 8 kV thyristor modules (T1901N [36]) are used for TCLC part of
the TCLC-HAPF. The parameters’ values of IGBT modules (FZ1000R33HL3 [37])
and thyristor modules (T1901N) are provided in Table 2.12.
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Table 2.12 The parameters’ values of IGBT modules (FZ1000R33HL3) and thyristor modules

(T1901N)
trn 0.55 ps \e 2800 V It 0.44 mQ
tn 0.40 ps Ien 1000 A Uro 1.24 V
fow 5 kHz Icm = Itrms = Itav 200 A
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Chapter 3 M)
Mitigation of the Harmonic Injection Gae
in TCLC Part and Nonlinear

Hysteresis PWM Control in Active

Inverter Part of Thyristor Controlled
LC-Coupling Hybrid Active Power

Filter (TCLC-HAPF)

Abstract In this chapter, two techniques are proposed to improve the performance
and reduce the inverter loss of the thyristor controlled LC-coupled hybrid active
power filter (TCLC-HAPF). Specifically, for the TCLC part, a design method is
proposed to mitigate its self-harmonic injection of the thyristor pairs, which can
improve the TCLC-HAPF performance for linear loading compensation. Compared
with the traditional static var compensators (SVCs) like a fixed capacitor-thyristor
controlled reactor (FC-TCR), which generates low order harmonic current, the
proposed TCLC design method can significantly mitigate the injection of harmonic
current. The design of the TCLC parameters is investigated with the considerations
of its reactive power compensation range and harmonic current rejection. And,
representative simulation and experimental results of the proposed three-phase
three-wire TCLC are presented to show its effectiveness in dynamic reactive power
compensation in comparison with the traditional FC-TCR. For active inverter part,
the nonlinear pulse width modulation (PWM) control method is proposed to reduce
the inverter loss of the TCLC-HAPF and keep the total harmonic distortion at an
acceptable level. As the coupling TCLC impendence of the TCLC-HAPF can yield
nonlinear compensating current, the quasi-linear and nonlinear regions are focused
with special compensation characteristics under relatively low switching frequency.
An approximated harmonic distortion (ATHD) index is proposed to reflect the THD
in a simplified way, which results in speed up the TCLC-HAPF system response.
A non-linear adaptive hysteresis band PWM controller is proposed for
TCLC-HAPF to reduce switching loss. Finally, the performance of the nonlinear
adaptive hysteresis band controller is verified by simulation results in comparison
with the conventional hysteresis PWM.

Keywords Harmonic current rejection - Reactive power compensation
Smart grid - Thyristor controlled LC (TCLC) compensator - Pulse width
modulations (PWMs) - Active power filters - Hysteresis PWM
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3.1 Introduction

To improve the performance and reduce the inverter loss of thyristor controlled
LC-coupled hybrid active power filter (TCLC-HAPF), two techniques are proposed
in this chapter. Specifically, for the thyristor controlled LC (TCLC) part, the design
technique is proposed to mitigate its harmonic injection by the thyristor pair, which
can improve the TCLC-HAPF performance for linear loading compensation. For
active inverter part, the nonlinear PWM control method is proposed to reduce the
inverter loss of the TCLC-HAPF.

The phenomenon of harmonic current injection by the traditional static var
compensators (SVCs) was firstly presented in 1985 [1]. However, there was no
solution provided at that time. Years later, the authors in [2, 3] suggested using
passive power filters (PPFs) to reduce the harmonic current injection by the SVCs.
However, the resonance problem between SVCs and PPFs may affect the com-
pensation performance. Afterwards, the authors in [4, 5] proposed the combined
systems of the SVC and active power filter (APF), which can eliminate the harmonic
current injection by the SVC and compensate both the reactive power and harmonic
current of the nonlinear loads. By doing so, the initial cost of the combined systems
can be very high. To reduce the initial cost, D. B. Kulkarni et al. [6] proposed an
artificial neural network (ANN) approach to find the optimum trigger angles for the
thyristor controlled reactor and thyristor switched capacitor (TCR-TSC) in order to
reduce its harmonic current injection and compensate reactive power. However, the
reactive power compensation ability is weakened as the firing angles are probably
not match with the required compensating reactive power. Due to the limitations
among the existing literatures, the Sect. 3.3 aims to analyze the TCLC part of
TCLC-HAPF [5, 7-12] for reactive power compensation and the mitigation of its
harmonic current injection in comparison with traditional SVCs [1, 13].

Pulse width modulations (PWMs) are widely used in active power filter
(APF) applications [14]. However, there are seldom PWMs proposed in different
hybrid active power filters (HAPFs) applications due to its non-linear current
characteristic. Section 3.4 proposes a non-linear adaptive hysteresis band PWM
controller for TCLC-HAPF to reduce the inverter loss and keep the total harmonic
distortion at an acceptable level. As the coupling TCLC part impendence of
TCLC-HAPF can yield nonlinear compensating current, the quasi-linear and non-
linear regions are focused to obtain the low switching frequency. Besides, an
approximated harmonic distortion (ATHD) index is proposed to reflect the THD in a
simplified way, which results in speed up TCLC-HAPF system response.

In this chapter, the circuit configuration and modeling of a TCLC-HAPF is given in
Sect. 3.2.In Sect. 3.3, the mitigation method of TCLC part harmonic current injection
is proposed (Sect. 3.3.1). And, the corresponding simulated and experimental results
to verify the proposed method are given in Sect. 3.3.3. In Sect. 3.4, a non-linear
adaptive hysteresis band controller for TCLC-HAPF is proposed to reduce the inverter
loss (Sect. 3.4.2). And the simulated results are reported to verify the proposed
adaptive hysteresis band controller (Sect. 3.4.2.3) in comparisons with the conven-
tional hysteresis PWM method. Finally, a summary is presented in the last section.
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3.2 Circuit Configuration and Modeling of TCLC Part
and TCLC-HAPF

The three-phase three-wire loading system with a shunt connected TCLC part and
TCLC-HAPF is shown in Fig. 3.1. The subscript “x” denotes phase a, b and c. vy,,
v, and vy, are the system voltage, load voltage and inverter output voltage
respectively; L, is the system inductance; iy, iy, and i., are the source, load and
compensated current respectively. Cpc and Vpc are de-link capacitor and DC-link
voltage; L. is the coupling inductor; Lpr and Cpp are the TCLC part inductor and
capacitor.

To analyze the TCLC part harmonic current injection, the circuit on figuration of
TCLC part in Fig. 3.1a is applied. Based on Fig. 3.1a, the mitigation of harmonic
current injection is proposed in next section.

3.3 Mitigation of the Harmonic Injection in TCLC Part

In this section, the analysis of harmonic current injection by the TCLC part is
provided in Sect. 3.3.1. And the method to mitigate the injected harmonic current is
proposed in Sect. 3.3.2. To verify the proposed method, the simulation and
experimental results are given in Sect. 3.3.3.

3.3.1 Mitigation of the Harmonic Injection in TCLC Part

In Fig. 3.1a, the thyristors (T, and T,,) for each phase of the proposed TCLC part
can be considered as a pair of bidirectional switches, which would generate low
order harmonic current when the switches change their states. Through the har-
monic current rejection analysis, the harmonic current orders generated can then be
deduced in term of L.. Therefore, with appropriate design of L., the harmonic
current injection by the controlled TCLC part can be reduced.

Figure 3.2 illustrates the equivalent single-phase TCLC part model for harmonic
current rejection analysis. From Fig. 3.2, when the switch S is turned off, the
differential equation of i.(f) can be obtained as:

diey(1) 1

L. —
dt Cpr

/ ion ()t = v (1) (3.1)

On the other hand, when the switch S is turned on, the following relationships
can be obtained:
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Fig. 3.1 Circuit configurations of the three-phase three-wire a TCLC part and b TCLC-HAPF

die,(2) 1 )
L. — = 2
et o e =t (32)
diLPF(t) 1 .
Ll / ic,, (1)dt (3.3)

inF + iCpF = ey (34)
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Combining (3.2)-(3.4), the equation in term of i.,(f) can be obtained as:

di (t diz (t i (t
LcLppCpr ;;g ) LprCprv(1) ;;g ) + (Le + Lpr) dt( )_ vx(t) (3:5)

In (3.1) and (3.5), the compensating current i., (i.x o4 is a second order equation
when the switch S is turned off, while i., (i.. ,,) is a third order equation when the
switch § is turned on. i., . and i., ,, can be deduced by solving their differential
equations (or through Laplace Transform) in (3.1) and (3.5). Then i., .5 and icy o
can be expressed in the forms as:

lex_off =Aj sin(wt — a) + K| sin(w2+ @) (3.6)
Fundamental Harmonic '

Iex_on =Ag sin(wt + o) + K cos(wat + ¢,) + K3 (3.7)

Fundamental Harmonic '
where A; and A, are the peak values of the fundamental compensating current
during each turn off and turn on; K, K5, K3, ¢ and ¢, are constants during each
switching cycle, and they depend on the initial conditions of the compensating
current and load voltage values; w is the system fundamental angular frequency
with w = 2xf and fis the system frequency; w; and w, are the harmonic angular
frequencies which can be obtained as the roots (r; and r;) of the homogeneous
equations of (3.1) and (3.5):

4+ ! =
' LCpr

0 (3.8)

LcLppCpr - 15+ (Le+Lpp) 72 =0 (3.9)
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where (3.8) and (3.9) are the auxiliary equations of (3.1) and (3.5), respectively.
And w; and w, can be obtained as the roots of r; and r5:

1

W] = ry = ftjw 3.10

LGy T 210
Le+ Lprp .

Y e =+ 3.11

@ LI Cor (ry = tjn) (3.11)

Based on (3.6), (3.7), (3.10) and (3.11), they clearly show that the TCLC part
would generate harmonic current during each switching cycle. Then the corre-
sponding harmonic orders generated can be given as:

()] 1

"ot T 2nf/L.Cor

1 L.+L
np= 2 1 [ Letler (3.13)
27If 27'Cf LcLPFCPF

For a three-phase three-wire system, the characteristic harmonic orders are
6n = 1 (>5) with n =1, 2, 3.... To avoid the harmonic current injection by the
TCLC part, it is suggested to tune the harmonic orders n; and n, generated to be
away from the 6n £ Ith order. Based on the above discussions, the design criteria
of L. can be given as:

(3.12)

1
nd L, = _ (3.14)
(2mfiny)"Cpp — 1/Lpp

c

(2nfiny)* Cpr )

In (3.14), they can easily be satisfied simultaneously as long as n; and n, are away
from the harmonic orders k = 6n + 1th (n = 1, 2, 3...). Therefore, by carefully
designing the L., the harmonic current injection can be mitigated. In the following
part, the selection of the n; and n, through the design of L. will be discussed.

3.3.2 The Selection of n; and n, Through the Design of L.

To select the optimal n; and n, values, the simulation case studies are provided.
Figure 3.3 shows the total injected harmonic current by the TCLC part with varying
of n; and n,. The simulation is done at 10 kV medium voltage level application,
with the Lpr= 30 mH and Cpr= 160 pF.

Based on Fig. 3.3, it can be seen that the total harmonic current can be signif-
icantly reduced if the n; and n, tuned to be smaller than 5th (<5) order harmonic.
However, if n; and n, designed to be closed to 5th order, the injected harmonic
current is the largest. Based on discussions in Sects. 3.3.1 and 3.3.2, by satisfying
(3.14), L. is designed to tune the n; and n, smaller than 5th order, and at the same
time L. is suggested to be as small as possible considering the increasing cost when
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Fig. 3.3 The total injected harmonic current by TCLC part and corresponding L. value with

varying of n ~ n; =~ ny

L. gets larger. Therefore, based on above discussions, the TCLC part with

L=5mH and n =~ n; =~ n, ~ 3.7 are selected.

In the following section, the TCLC part will be verified by both simulations and
experiments in comparison with the traditional FC-TCR [1, 13].

3.3.3 Simulation and Experimental Verifications

of the Mitigation of the Harmonic Injection in TCLC

Part

In this section, the compensating performances of the proposed TCLC compensator
are verified by simulations and experiments in comparison with the traditional
FC-TCR [1, 13]. The simulations are carried out by using PSCAD/EMTDC. In
experiments, 110 V-5 kVA three-phase three-wire TCLC compensator and
FC-TCR experimental prototypes were designed and constructed in the laboratory.
Table 3.1 shows the system parameters of the power grid, traditional FC-TCR and
the proposed TCLC compensator (n; = 3.56 and n, = 3.84, which are designed
according to (3.14)) for both simulations and experiments.

Table 3.1 System parameters of power system and compensators

Parameters Physical values
Power grid Ve fr Lg 110 V, 50 Hz, 1 mH
FC-TCR Lpr, Cpr 30 mH, 160 pF
TCLC part L., Lpp, Cpr 5 mH, 30 mH, 160 pF
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Figure 3.4 illustrates the simulated fundamental and harmonic compensating
current under different firing angles: (a) with traditional FC-TCR and (b) with the
proposed TCLC compensator. Figures 3.5 and 3.6 show the simulated and
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Fig. 3.4 Simulated fundamental and harmonic compensating current under different firing angles
with. a Traditional FC-TCR. b Proposed TCLC part
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Fig. 3.5 Simulation results of dynamic compensation process of load voltage and source current.
a By applying FC-TCR for inductive reactive power compensation. b By applying TCLC for
inductive reactive power compensation. ¢ By applying FC-TCR for capacitive reactive power
compensation. d By applying TCLC for capacitive reactive power compensation
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Fig. 3.6 Experimental results of dynamic compensation process of load voltage and source
current. a By applying FC-TCR for inductive reactive power compensation. b By applying TCLC
for inductive reactive power compensation. ¢ By applying FC-TCR for capacitive reactive power
compensation. d By applying TCLC for capacitive reactive power compensation

experimental grid voltage and system current waveforms before and after the tra-
ditional FC-TCR and the proposed TCLC compensations under both inductive and
capacitive reactive power cases. Figures 3.7 and 3.8 illustrate the simulated and
experimental grid system current spectrums after the FC-TCR and TCLC com-
pensations in both inductive and capacitive reactive power cases. Figures 3.9 and
3.10 give the simulated and experimental dynamic reactive power compensation
waveforms by using the proposed TCLC compensator. Tables 3.2 and 3.3 sum-
marize the simulation and experimental results.

From Fig. 3.4a, when the traditional FC-TCR compensator is applied, the large 5th
and 7th order harmonic current are injected into the power grid. On the other hand,
when the proposed TCLC part is applied, the injected harmonic current are signifi-
cantly reduced as shown in Fig. 3.4b. Therefore, Fig. 3.4 verifies the effectiveness of
the proposed TCLC part in reducing the current harmonics injection during operation.

When FC-TCR is applied, Figs. 3.5a, c and 3.6a, ¢ and Tables 3.2 and 3.3, show
that the simulated power factors (PFs) of the worst phase have been compensated
from the original 0.72 (inductive PF) and 0.66 (capacitive PF) to 0.98 for both
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Fig. 3.7 Simulated source current spectrums for inductive and capacitive reactive power
compensation. a After FC-TCR compensation for inductive case. b After TCLC compensation for
inductive case. ¢ After FC-TCR compensation for capacitive case. d After TCLC compensation for
capacitive case

cases, while the experimental PFs have been compensated to 0.95 and 0.94 from the
original 0.69 (inductive PF) and 0.65 (capacitive PF), respectively. As shown in
Figs. 3.7a, ¢ and 3.8a, c, source current total harmonic distortions (THD;) are
increased after FC-TCR compensation. According to IEEE 519-2014 standard [15]
with the ratio of short circuit and demand current in the range of 100-1000, the
source current total harmonic distortions are required to satisfy the condition of
THD;,< 15%. However, the worst phase simulated source current THD;,
(THD;,,= 18.6% for inductive case and THD,,= 24.0% for capacitive case),
experimental source current THD;,, (THD;;,= 31.1% for inductive case and
THD;;,= 20.7% for capacitive case) cannot satisfy the IEEE 519-2014 standard
[15]. Moreover, Figs. 3.7a, ¢ and 3.8a, c clearly show that large 5th and 7th order
harmonic current are injected into the power grid system after compensation, which
agrees with the simulation results as shown in Fig. 3.4a.

When the TCLC part is applied, Figs. 3.5b, d and 3.6b, d and Tables 3.2 and
3.3, show that the simulated and experimental PFs of worst phase have been
compensated to closed to unity (0.99 and 0.98) for inductive and capacitive reactive
power compensations. As shown in Figs. 3.5b, d and 3.6b, d, the source current
THD;,, of the worst phase have been compensated to 8.1% (for simulations)
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Fig. 3.8 Experimental source current spectrums of phase a for inductive and capacitive reactive
power compensation. a After FC-TCR compensation for inductive case. b After TCLC
compensation for inductive case. ¢ After FC-TCR compensation for capacitive case. d After
TCLC compensation for capacitive case

and 9.7% (for experiments), which can satisfy the IEEE 519-2014 standards [15].
Moreover, Figs. 3.7b, d and 3.8b, d clearly show that much smaller 5th and 7th
order harmonic current are injected into the power grid system after TCLC com-
pensation, which agrees with the simulation results as shown in Fig. 3.4b and
verifies the effectiveness of the proposed TCLC part in reducing the current har-
monics injection during operation.

Based on the simulation and experimental results, it is proved that the TCLC part
can provide better dynamic reactive power compensation with much less harmonic
current injection, while the traditional FC-TCR injects significant low order current
harmonics into the power grid system during operation.
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Fig. 3.10 Experimental results of TCLC dynamic reactive power compensation

Table 3.2 Simulation results for inductive and capacitive reactive power compensations by using
traditional FC-TCR and proposed TCLC

Inductive reactive power Capacitive reactive power
Before | e rer | TeLe Before | ‘perer | TeLe
Comp. Comp.
THDv(%) 0.1 1.2 0.5 0.1 1.5 0.3
is(A) 6.1 3.9 39 5.0 3.6 3.5
O,.(var) 400 9 5 430 9 7
PF 0.72 0.98 0.99 0.66 0.98 0.99
THDi; (%) 0.1 18.6 7.5 0.1 24.0 8.1

Note The shaded area means unsatisfactory results
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Table 3.3 Experimental results for inductive and capacitive reactive power compensations by

using traditional FC-TCR and proposed TCLC

Inductive reactive power Capacitive reactive power
Before | perer | tere | B | peqer | Tere
Comp. Comp.

A 1.0 4.5 1.1 1.0 1.7 1.0
Tg/g“ B [ 44 1.2 L1 18 13
C 1.3 4.5 1.3 1.1 1.7 1.2
. A 6.9 5.0 5.2 3.6 3.1 3.0
(IA“) B 6.9 5.1 5.2 3.6 2.9 2.8
C 6.9 53 53 3.6 2.9 2.9
A 560 20 10 -310 -20 -30
Oy (var) B 550 -10 -30 -320 -30 -20
C 550 20 -30 -320 -30 -40
A 0.69 0.95 0.99 0.65 0.96 0.98
PF B 0.70 0.96 0.99 0.65 0.95 0.98
C 0.70 0.95 0.99 0.65 0.94 0.98
. A 2.1 31.1 6.6 2.2 20.7 8.8
Ti{/’i)’“ B | 20 256 6.0 25 20.1 9.0
C 2.1 30.4 6.4 2.6 18.1 9.7

3.4 Nonlinear Hysteresis PWM Control in Active Inverter

Part of TCLC-HAPF

In this section, considering the users’ requirements of THD;,, (THD oriented), a
non-linear adaptive hysteresis band controller for the TCLC-HAPFs is proposed.
The key points of the proposed method are:

e Compared with the state-of-the-art hysteresis PWM control methods [16-22],
the proposed method allows the compensating current of the TCLC-HAPF to
operate in nonlinear or quasi-linear regions in some circumstances to reduce the
inverter loss, instead of always staying in a linear region.

e A fast performance index: an approximated THD (ATHD) is proposed for
HAPFs to instantaneously assess the THD value. The ATHD can be controlled
to track the reference ATHD* instantaneously according to users’ requirements.

e Based on the deduced ATHD and nonlinear characteristics of the TCLC-HAPF,
a non-linear adaptive hysteresis band PWM controller for HAPFs is proposed to

reduce the inverter loss and keep the THD at an acceptable level.

In this section, the mathematical model and non-linear current characteristics are
introduced in Sect. 3.4.1. In Sect. 3.4.2, the suggested ATHD are discussed and the
non-linear adaptive hysteresis band control for TCLC-HAPF is addressed. In
Sect. 3.4.2.3, the simulated and experimental results are reported to verify the
proposed approach. And comparisons with other recently developed methods are

also provided.
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3.4.1 Compensating Current Characteristics
of TCLC-HAPF

The TCLC part has two back-to-back connected thyristors T,; and T,, for each
phase, and they are triggered alternately in every half cycle according to deduced
firing angle. When the thyristors is connected, the coupling TCLC part is an L. in
series with Cpr (LC mode). When the thyristors is disconnected, the coupling
TCLC part is an L. in series with the parallel combination of Lpr and Cpp (LCL
mode). Compared with TCLC part control frequency (50 Hz), the PWM control
frequency in active inverter is much faster (few kHz). Therefore, the modeling for
PWM control study can be plotted as shown in Fig. 3.11.

From Fig. 3.11a, a mathematical model for a LC mode can be deduced. The
relationships among the compensating current i.,, coupling inductor L., TCLC part
capacitor Cpp and inverter voltage v;,,,(f) of LC mode are calculated as:

L. dl(;t(t) + CLPF/ icx(t)dt = Vx(t) - VinVX(t) (315)

Taking the derivative of (3.15), it yields:

dzicx(t) 1 . - d[vx(t) - Vinvx([)]
) + C—PFlcx(t) - 4 (316)

It can be clearly observed that (3.16) is a second order equation in terms of i,.(¢).
The time domain solution of i..(¢) is deduced below to show its characteristics.

Take the Laplace transform of (3.16) and simplify it. Next, substitute the initial
compensating current and capacitor voltage conditions into the characteristic
Laplace equation. Finally, the time domain solution i.,(¢) can be obtained by taking
the inverse Laplace transformation:

iex(t) = Ay - sin(wit+ ¢y) (3.17)

Fig. 3.11 Modeling of TCLC-HAPF PWM control study. a LC mode and b LCL model
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where Ay = /2,(0)+ G2+ [u(t) = vinalt) = v, (O, @1 = b and

¢, = tan™! (\/Jé: . WM) The compensating current i, (?) is expressed in
c x invx c

terms of the coupling inductor L., TCLC part capacitor Cpr, initial compensating
current i.,(0), initial capacitor voltage vc,,(0), load voltage v,(f) and inverter
voltage v;,,(f). The value of v;,,,(f) can be obtained from the DC-link voltage V¢
and switching states.

From Fig. 3.11b, a mathematical model for a LCL mode can be deduced. The
relationships among the compensating current i, coupling inductor L., TCLC part
capacitor Cpg and inverter voltage v;,,(f) of LCL are calculated as:

LGt | 1 / e (1)t = vi(£) — Vi (1) (3.18)

dt Cpr
din, (1) 1 / ,
Lpp—2> = — t)dt 3.19
PF dt Crr lCPF( ) ( )
iLpr T iCp = lex (3.20)

Combining the (3.18)—(3.20) and taking the derivative, it yields:

dV%PF (l‘) L.+ Lpp
dr? Lpr

L.Cpp - ) “Vepr (l) = V,‘m,x(l‘) (321)

Applying Laplace transform to (3.21), the simplified equations for LCL mode
can be deduced as:

i(-x(l‘) =A Sil‘l(U)zt + ¢2) +Asz -t (322)

where Ay = (Cprawy — ) - \/(VCP,.- (0) — LeeuO—vim)y2 4 (__iul0) 32 40—

Lprw; L.+ Lpp Cprmn —m

V(1) = Vi (£) L.+ Lpr

L.+ Lpr LcLprCpr

terms of the coupling inductor L., TCLC part capacitor Cpr, TCLC part inductor

Lpp, initial compensating current i.,(0), initial capacitor voltage vcpr(0), load

voltage v (f) and inverter voltage v;,,.(f). The value of v;,,,(f) can be obtained from
the dc-link voltage V¢ and switching states.

Based on (3.17) and (3.22), the compensating current i..(f) solution in the time
domain contains a sine function. And, the (3.17) and (3.22) aim to show the
nonlinear characteristics and transient response of the compensating current in a
TCLC-HAPF during each switching (on or off) interval. The value of w; and w,
depends on the coupling components only, rather than the system frequency
(wy = 2nf). Moreover, the A, A, and Aj are different with the different initial
conditions at each moment. Based on the relationship between the A, A, and A;
and hysteresis band H, three operating regions for the TCLC-HAPF compensating

and w, = . The compensating current i.(f) is expressed in
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Fig. 3.12 Different operating regions for TCLC-HAPF compensating current based on the
relationship between the hysteresis band H and amplitude A: a linear region; b quasi-linear region;
¢ nonlinear region

current can be defined: the linear, quasi-linear and non-linear regions, as shown in
Fig. 3.12.

In the linear region shown in Fig. 3.12a, the slope of the compensating current
can be treated as linear if the hysteresis band is set small enough (H < A; and A>,).
In the linear region, the switching time ¢, is relatively small, which is the key to
linearising the current slope, as discussed in [23].

In the quasi-linear region (Fig. 3.12b), the slope polarity of the compensating
current interchanges once i., touches the top or bottom hysteresis band with
H =~ A, and A,. Under this region, the switching time ¢,,, increases compared with
the linear region case. Therefore, the switching frequency f;,, and inverter loss P,
decrease.

As shown in Fig. 3.12c, the nonlinear region case can occur when the hysteresis
band is set to be larger than the amplitude (H > A; and A,). In the nonlinear
region, the compensating slope polarity interchanges before i., touches the top or
bottom hysteresis band. A large H value would enlarge the output current ripple and
degrade the system performance. However, this region does not generate trigger
signals to the switching devices; thus, f;,, and P, can be minimized.

It is interesting to further investigate the quasi-linear and nonlinear regions. In
these two operation modes, less f;,, is required but the current tracking error is still
within the set hysteresis band. Therefore, the reduction of the switching frequency
can be achieved by enlarging the hysteresis band. However, when the hysteresis
band is too large, the THD is poor and the system performance deteriorates. Thus, it
is essential to investigate the conditions such that the HAPF compensation per-
formance is within the requirements, with a reduction in the switching frequency to
reduce unnecessary loss.

As the amplitude of the compensating current A; and A, is varying due to
different initial conditions at different switching intervals, the compensating current
may operate in three different regions. A simulation for the probability of the
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compensating current falling in different regions is performed based on the system
parameters defined in next section and is summarized in Fig. 3.13.

In Fig. 3.13, the probabilities of a TCLC-HAPF operating in the linear,
quasi-linear and nonlinear regions are calculated by dividing the time duration in
these 1egions (Yinears quasis thontinear) By the fundamental period 7 The curves of
tinealtr a0 (Lyontineart tquasi)ty are obtained by taking their average values over the
entire simulated periods. The time duration in the linear region #;;,.,, is the sum of
all the switching time periods f,, within the linear region over one fundamental
period. If the TCLC-HAPF is not operating in a linear region, then it is operating in
a nonlinear or quasi-linear region.

3.4.2 Non-linear Adaptive Hysteresis Band PWM Controller
fJor TCLC-HAPF

In this section, the proposed non-linear adaptive hysteresis band PWM controller is
discussed. First, the relationship between hysteresis bands and ATHD is addressed.
Second, the control block diagram of the proposed non-linear adaptive hysteresis
band PWM controller for TCLC-HAPF is illustrated.

3.4.2.1 Relationship Between Hysteresis Band H and ATHD

In this section, the relationship between the hysteresis band H and the harmonic
distortion in a source current is deduced. The TCLC-HAPF injects compensating
current to the point of common coupling (PCC). If the compensating current is
exactly the same as its reference, the source current i, will be a sinusoidal wave
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Fig. 3.14 Proposed current THD analysis method: a linear region and b nonlinear region

without distortion. However, the difference between the reference current and the
compensating current varies in terms of the hysteresis band H, as discussed in
Sect. 3.4.1. As a result, the compensating current waveform can be approximately
decomposed into a reference compensating current i..* and current tracking error.
The waveform of current tracking error is either an irregular triangle waveform
(linear region) or a sinusoidal-like (nonlinear region) waveform, as shown in
Fig. 3.14. The RMS value of the current error I, can be estimated by:

1 151 n Tf H
I, = _</ igdt+/ igdt+---+/ igdt)z— (3.23)
Ir \Jo 1 In-1 k

g

where # is the fundamental period and k is a factor with a range of k € [\/57 \/3]
The value of k is /3 when the compensating current is fully in the linear region. Its
value is v/2 when the compensating current is fully in the nonlinear region. When
the compensating current falls in both linear region and nonlinear region during
TCLC-HAPF operation, the value of k is calculated as the sum of the product of the
probabilities and corresponding factors:
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k= \/§ : tlinear/tf + \/E : (tnonliner + tquasi)/tf (324)

where the probabilities can be obtained from Fig. 3.13. Hence, the value of k is a
pre-defined constant and can be used to calculate RMS value of the current tracking
errors when the target THD* of the source current is set.

Generally, the harmonic distortion of the source current after compensation is
evaluated by THD, which is defined as the ratio between the root mean square
(RMS) values of the harmonic and fundamental components [24].

[ 12 I
1 1

THD =

where I; is the fundament current and 7, is the RMS value of harmonic current.
During TCLC-HAPF operation, the fundamental source current I;; consists of only
active power component while the reactive power component is compensated by
the TCLC-HAPEF. Therefore, the fundamental source current value I; can be cal-
culated as:

ﬁoc/}
Iy =——2 (3.26)
vER |

where

[vell = /v +vj +v2 (3.27)

in which ||v, || is the norm or magnitude of the load voltage. p,s can be obtained by
passing the loading instantaneous active power p,g though a low pass filter (LPF).

To obtain [, via fast Fourier transform (FFT) is complex and time-consuming.
By using the RMS value of current tracking error 1, in (3.23) to replace I, in (3.26),
an approximated THD (ATHD) value is proposed in this chapter, which is expressed
as:

I
ATHD = £ x 100% =
Isl x % k- le

x 100% (3.28)

In contrast to (3.25), a constant coefficient k and the adaptive hysteresis band
H are used to evaluate the current distortion. The calculation is greatly simplified.
The ATHD is proposed to simplify the calculation steps and to speed up the
determination of the system performance in real-time. By using H in ATHD, the
computation can avoid the time consumption required for actual current error
calculations. However, the ATHD is an estimated THD index rather than the real
THD. Based on the system parameters given in Table 3.1, a comparison between
the THD and ATHD values is provided in Fig. 3.15.
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Both THD and ATHD increase as H increases. It can be concluded from

Fig. 3.15 that the difference between THD and ATHD is small at THD < 15%.
Thus, it is acceptable to use ATHD in place of THD if the source current distortion
is kept below 15%.

Figures 3.13 and 3.15 are used to explain the relationship among different

TCLC-HAPF operation regions, H and ATHD controller.

When the ATHD reference is set to be small, the H is controlled to be small.
Moreover, the possibility of the HAPF operating in the linear region is higher
and that in the nonlinear region is lower, thus leading to a higher switching
frequency (power loss).

When ATHD reference is set to be large, the H is controlled to be large and the
THD value becomes worse. The possibility of the HAPF operating in the
nonlinear region is increasing and that in the linear region is decreasing, thus
leading to a lower switching frequency (power loss).

To achieve a balance between the power loss and system performance, a higher
reference ATHD can be set according to the users’ design requirement (satis-
fying IEEE Standards 519-2014). Therefore, even the THD compensation per-
formance by the TCLC-HAPF may not be as good as it is designed to be when
operating within the linear region [23]. When the system is operated in the
nonlinear region, the switching loss can be significantly reduced.

In the following section, a control block diagram of the proposed non-linear

adaptive hysteresis band PWM controller is given based on the above discussions.
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3.4.2.2 Control Block Diagram of Proposed Non-linear Adaptive
Hysteresis Band Controller for TCLC-HAPF

Based on the above discussions, a control block diagram of the proposed non-linear
adaptive hysteresis PWM band controller for TCLC-HAPF is shown in Fig. 3.16.
The purpose of adaptive hysteresis band control is to adaptively change the H value
to maintain the ATHD (and thus the THD) at its reference value. Referring to the
control block in Fig. 3.16, there are three input variables for the nonlinear adaptive
hysteresis band controller: the fundamental source current Iy, the target ATHD*, a
pre-defined k value. The output variable is the updated hysteresis band H. An initial
value is assigned to H when the control system is powered on. The ATHD calcu-
lated by (3.28) is compared with the reference ATHD*. This ATHD error is passed
through a transform function (3.29) to obtain AH. After that, AH is added to the
H value in previous cycle to adaptively change the H value.

AH = ky - (ATHD* — ATHD) (3.29)

The P controller is chosen because it is simpler and faster than a PI controller.
A limiter is applied to avoid the controller’s overflow problem. A delay buffer is
used to delay H for one sampling period.

In the steady-state, the calculated ATHD is approximately equal to ATHD*, so
the value of AH is close to zero based on (3.29). However, in the transient state
(when there is a load change), k does not change, whereas I;; (deduced from (3.26))
has a stepwise change. Therefore, the calculated ATHD in terms of I is different
from the reference ATHD*. The value of AH is used to adaptively change the value
of H. Then, the obtained H is feedback to calculate the ATHD in next cycle. The
hysteresis band H in PWM control unit is updated accordingly. This control loop is
continuously executed until ATHD gets close enough to its reference. Under this
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control, the switching frequency and inverter loss can be decreased. As a result, its
thermal stress is reduced and the efficiency is increased.

3.4.2.3 Simulation Verifications of the Non-linear Adaptive Hysteresis
Band PWM in Active Inverter Part of TCLC-HAPF

In this section, the proposed nonlinear adaptive hysteresis band PWM controller for
TCLC-HAPFs is investigated by simulations. The simulated results for the pro-
posed nonlinear adaptive hysteresis band are presented in comparison with the
results for the fixed hysteresis band linearization proposed in [23]. In the simula-
tions, the inverter loss of the active inverter part was obtained by measuring the
collector-emitter voltage and current of each IGBT. The total inverter loss of the
TCLC-HAPF can be found with the following equation [25]:

T
n=6 n=6 1
Pross = Prossn = - Veen(t) * icen(t)dt 3.30
b = 3 Prasn =3 [ vt -icenl) (330)
0
where v, ,(f) and i, ,(t) are the collector-emitter voltage and current of the IGBT,
respectively; #r is the fundamental period and 7 is the number of IGBTs. In the
following simulations, the target ATHD* range is set as ATHD* = 10% for the
proposed nonlinear adaptive hysteresis band control. To keep the TCLC-HAPF
operating in the linear region, the chosen H value should satisfy its linear limit
Hijinear [23]. Based on [23] and the system parameters in Table 3.1, Hj;,.., can be
calculated as Hjjeur = 0.69 A. Therefore, by choosing the hysteresis band
H < 0.69 A, the TCLC-HAPF will mostly operate in the linear region. As a result, a
comparison between the fixed hysteresis band linearization controller [23] and the
proposed controller for the TCLC-HAPF can be performed. The simulation and
experimental results of the fixed hysteresis band linearization control method [23]
and the proposed non-linear adaptive hysteresis band control method for
TCLC-HAPF are illustrated in Figs. 3.17, 3.18, 3.19 and 3.20, respectively.
Figure 3.17 shows the simulation results of the i., for the compensating non-
linear loading by applying the fixed hysteresis band linearization control method
[23] and the proposed control method. Figure 3.18 show the simulation results of
the dynamic process of the phase a load, source and compensating current by
applying the fixed hysteresis band control method [23] and the proposed control
method during the load transient. Figure 3.19 illustrates the dynamic waveforms of
the load current THD, source current THD and H by applying the fixed hysteresis
band linearization controller [23] and the proposed adaptive nonlinear hysteresis
band controller to TCLC-HAPF. Figure 3.20 shows the curves of the total inverter
loss during the compensation from applying the fixed hysteresis band linearization
controller [23] and the proposed adaptive nonlinear hysteresis band controller.
Table 3.4 summarizes all the simulation results.
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Fig. 3.18 Simulation waveforms of load, source and compensating current before and after 2nd
loading connected by a applying fixed hysteresis band linearization controller [23]; b applying
proposed hysteresis band controller

Under the fixed hysteresis band control as shown in Fig. 3.17a and Table 3.4,
the compensating current i., mostly operates in the linear region and the simulated
(tquasit trontinear)ty < T%. From Fig. 3.18a, the simulated system PFs are unity
during 1st loading and both the Ist and 2nd loading connected cases from original
0.90 and 0.87. And, the simulated THD are 7.5 and 5.2% after compensation from
14.0 to 9.4% before compensation.

From Fig. 3.20a and Table 3.4, after the fixed hysteresis band controlled HAPF
[23] operates, the simulated average switching frequency (f;,,) and inverter loss
(Pysr_10ss) of the TCLC-HAPF are f;,,= 0.80 kHz and Pyg; ;5= 13.5 W for the 1st
loading case and f;,,= 1.6 kHz and Pyg; ;,5,= 55.8 W for the 1st and 2nd loadings
case (Fig. 3.20a).

Compared with conventional fixed hysteresis band control, Fig. 3.17 and
Table 3.4 show that using the proposed non-linear adaptive hysteresis band control
method, the possibility of the compensating current i., falling in the quasi-linear
and nonlinear regions ((t;uasi + nontinear)/t7> 14.0%) is higher than that resulting
from the fixed hysteresis band method (<7%). From Fig. 3.18b the simulated PF is
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Table 3.4 Simulated results for fixed hysteresis band linearization controller [23] and proposed
non-linear adaptive hysteresis band controller before and after compensation

Ist loading Ist and 2nd loading
Before | Linearization | Proposed Before | Linearization | Proposed
comp. | method [23] | method comp. | method [23] | method
(twontineart | — <7 >14 - <7 >14
tquasi)/ t/'
(%)
PF 0.90 1.00 1.00 0.87 1.00 1.00
THD;;, 14.0 7.5 10.0 9.4 5.2 10.0
(%)
Average - 0.8 1.6 - 0.38 0.39
fow (kHz)
Pvsi loss - 13.5 6.7 (150.4%) |- 30.2 15.8 (171.7%)
W)

compensated to unity during both loading cases. Figure 3.19b shows that the value
of H adaptively changes to maintain the THD value around its reference value
(satisfying the IEEE standard [15]) when the loading varies.

Based on Fig. 3.20b and Table 3.4, the simulated average switching frequency
(fsw) and inverter loss (Pys; joss) Of the TCLC-HAPF are f, = 0.38 kHz and
Pyst 10ss= 6.7 W (50.4%]) for the Ist loading case and f,= 0.39 kHz and
Pyst 10ss= 15.8 W (71.7%]) for the 1st and 2nd loadings cases.

3.5 Summary

In this chapter, two techniques have been proposed for TCLC part and active
inverter part, for the TCLC-HAPF, respectively. The technique for mitigating the
TCLC part harmonic current injection during switching has been proposed based on
transient analysis and the coupling inductor design. From the simulation and
experimental results, it is proved that the proposed TCLC part could compensate
the dynamic reactive power with acceptable source current THD levels, while the
traditional FC-TCR may not satisfy the THD international standard due to the
self-harmonics injection characteristic. On the other hand, a non-linear adaptive
hysteresis band PWM controller for active inverter part is proposed to reduce the
inverter loss and maintain the source current total harmonic distortion within user
requirements (satisfying IEEE standards). Due to nonlinear characteristics of the
TCLC-HAPF, its compensating current is discussed in relation to the linear,
quasi-linear and nonlinear operating regions. With the proposed nonlinear con-
troller, the compensating current can be controlled to operate in the nonlinear or
quasi-linear regions, rather than always staying in the linear region. To simplify the
calculation, an ATHD index is proposed and deduced to speed up the TCLC-HAPF
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system response time. Finally, simulation results show the proposed adaptive
controller can reduce the inverter loss (more than 50% than fixed hysteresis band
controller) and maintain an acceptable source current THD.
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Chapter 4 M)
Modeling and Parameter Design Method Gae
of Thyristor Controlled LC-Coupling

Hybrid Active Power Filter

(TCLC-HAPF) for Balanced/

Unbalanced Loading Compensation

Abstract In this chapter, a new modeling and parameter design method are pro-
posed for the thyristor controlled LC-coupled hybrid active power filter
(TCLC-HAPF), which includes the analysis of the inner flowed three-phase
unbalanced power during unbalanced condition. Different from the conventional
method which ignores the inner flowed three-phase unbalanced power, the pro-
posed design method can achieve better performance during unbalanced compen-
sation. To verify the validity and advantages of the proposed modeling and
parameter design method for the TCLC-HAPF, the mathematical analysis, repre-
sentative simulation and experimental results for compensating different unbalanced
loading situation are presented in comparison with the conventional design method.

Keywords Active power - Current harmonics - Reactive power
Thyristor controlled LC (TCLC) compensator - Thyristor controlled LC-coupling
hybrid active power filter (TCLC-HAPF) - Unbalanced compensation

4.1 Introduction

This chapter proposes the parameter design methods of three-phase three-wire
thyristor controlled LC-coupling hybrid active power filter (TCLC-HAPF) for
balanced and unbalance loading compensation. The balanced parameter design
method of TCLC-HAPF is proposed based on maximum reactive power compen-
sation among the three phases. The TCLC-HAPF designed by balanced parameter
design method can work with wide compensation range and low DC-link voltage
for balanced load compensation. However, if the balanced design method is directly
applied to the TCLC-HAPF for unbalanced compensation, it either requires a higher
DC-link voltage or obtains relatively poor compensating performance. Therefore,
the unbalanced parameter design method of TCLC-HAPF is proposed as the gen-
eral parameter design solution for power quality compensation.
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Unbalanced problem is mainly caused by connecting of the unsymmetrical or
single-phase loads to power system. Researchers have well noticed the importance
of addressing unbalanced problem by continuously improving the structures and
control methods of different compensators [1-18]. At the early stage, the static var
compensators (SVCs) were controlled to match their impedance to phase loading
impedance individually. However, SVCs do not have harmonic compensation
ability and also inject harmonic to the power system during operation [1—4]. In the
past decades, active power filters (APFs) have gradually replaced the SVCs for
unbalanced compensation [5-9]. Moreover, their control methods have been con-
tinuously improved by considering different operation voltage and current condi-
tions. In recent two years, by applying APFs for unbalanced compensation, many
control method shave been proposed to define the current or voltage references such
as direct power control (DPC) [5, 6], repetitive control [7], artificial neural networks
(ANNSs) based control [8] id-iq control [9], etc. However, due to structure limita-
tions, the active inverter part of APF needs to keep at a large rating to perform
unbalanced compensation, which drives up their cost. To reduce ratings of APF, the
combined systems of SVC in parallel with APF (SVC//APF) [10], SVC in series
with hybrid active power filter (SVC + HAPF) [11, 12], TCLC-HAPF [13-18]
have been proposed. For medium—voltage level applications, the cost and control
complexity of TCLC-HAPF is the cheapest and simplest, since SVC//APF requires
multi-level structure and SVC + HAPF require matching transformers. Moreover,
the TCLC-HAPF has the distinct characteristics of wide compensation range and
low active inverter capacity. Therefore, the TCLC-HAPF has large potential to be
further developed for unbalanced compensation.

Due to the limitations among the existing literatures [1-18], this chapter pro-
poses the unbalanced parameter design method which has taken into consideration
of the inner flowed three-phase unbalanced power with the help of an active
impedance concept. The contributions of this chapter are to:

e Propose a three-phase modeling for unbalanced compensation analysis instead
of using the traditional equivalent single-phase modeling [19, 20] without
considering unbalanced power;

e Propose a parameter design method with considering three-phase unbalanced
power as well, besides reactive power and current harmonics;

e With the proposed parameter design method, the TCLC-HAPF can operate at a
low DC-link voltage even under unbalanced loading compensation, thus low-
ering the system cost and switching loss.

In the following, the circuit configuration of the three-phase three-wire
TCLC-HAPF is presented. Then, the three-phase modeling for compensation
analysis is proposed in Sect. 4.2. Based on models, the parameter design method
for the balanced loading compensation is proposed in Sect. 4.3. In Sect. 4.4, the
relationship between the required TCLC impedance and load power is deduced.
Based on this relationship, the unbalanced parameter design method is proposed
and discussed under three different types of unbalanced loading: unbalanced
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inductive loads, unbalanced capacitive loads, and mixed inductive and capacitive
loads. In Sect. 4.5, the representative simulation case studies are provided to
compare the above proposed balanced parameter design method (Sect. 4.3) with the
unbalanced parameter method (Sect. 4.4). And the corresponding experimental
results are given in Sect. 4.6. Finally, the summary is drawn in Sect. 4.7.

4.2 Circuit Configuration and Modeling of TCLC-HAPF

The circuit topology of a three-phase three-wire TCLC-HAPF is provided in
Fig. 4.1. v,v, and v;,,, are the source voltage, load voltage and inverter output
voltage, respectively, where the subscript ‘x” denotes phase x = a, b, c; iy, ir, and
i, are source current, load current and compensating current, respectively.
The TCLC part of the TCLC-HAPF consists of a coupling inductor L., a parallel
capacitive Cpp and a thyristor controlled reactor (TCR) with an inductor Lpy. The
active inverter part is a two-level voltage source inverter (VSI) with a dc-link
capacitor Cpc.

The active inverter part can be considered as the adjustable active impedance to
improve the TCLC part fundamental and harmonic current compensation ability
[19, 20]. Therefore, the three-phase modeling is proposed in Fig. 4.2 for
TCLC-HAPF unbalanced compensation analysis.

=

Loads

Fig. 4.1 Circuit configurations of the TCLC-HAPF
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Fig. 4.2 The three-phase TCLC-HAPF modeling for unbalanced compensation a at fundamental
frequency and b at harmonic frequency

At the fundamental frequency (Fig. 4.2a), the active impedance X, cr,ris used to
help the TCLC part impedance X, to compensate fundamental reactive power and
balance active power. At the harmonic frequency (Fig. 4.2b), the active impedance
Xacro changes the equivalent TCLC-HAPF impedance to be zero, so that the load
harmonic current will not pollute the source side. The fundamental and harmonic
active impedance Xacryr and Xucry, are proportional to the inverter voltage. To
keep active inverter working at low rating, the Xacpy and Xucry, need to be
designed as small as possible. In the following, the detailed parameter design of
TCLC-HAPEF is proposed based on Fig. 4.2.
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4.3 Proposed TCLC-HAPF Parameter Design Method
Design for Balanced Loads

The impedance of TCLC part can be calculated as an L.(X;.) in series with the
paralleled combination of a Lpr (Xrcry)) and a Cpr (Xcpr). And the TCLC
impedances can be deduced as:

Xrcrcar (%a) [ Xrcr(n)/ | Xcor + X1,
Xrerew () | = | Xrer)/ /Xcwr + X1,
Xrercer (o) | Xrcr(e)/ [ Xco + X1,
S (@)

Xepp (2m—204 + sin 204 ) — X e

_ X1ppXepp +X
Xepp (2m—20p + sin 205 ) =X ppe L.

"X1pp Xepp
L Xcp 2n—20 4 sin 20, ) =X e + XL

c

where

7
= X
21 — 20, + sin 20, Ler

Xrcr(ox) (4.2)

In (4.1), X1, Xcpr, X pr are the impedances of coupling inductor L., the par-
alleled capacitor Cpr and inductor Lpg. o, is the firing angle of the thyristor.
The TCLC part has two back-to-back connected thyristors 7, Ty,, and they are
triggered alternately in every half cycle. When o, = 180° (thyristors are opened for
the whole cycle), the TCLC part has the maximum capacitive TCLC impedance
Xcap(max)- On the other hand, when the firing angle o, = 90° (one of thyristors is
closed for whole cycle), the TCLC part has the minimum inductive TCLC impe-
dance Xjuqamin). Therefore, Xpqiny and Xcapmax) can be expressed as:

XCap(Max) = AXLr - XCP,, =wL, — l/prF (43)

X, XC wLpp
X = PP X, = L. 4.4
(8t XCPF - XLPF * 5 - w2LPF CPF T ( )

where o (=2nf) is the angular frequency.

Under balanced loading, the purpose of the TCLC part is to provide the same
amount of the compensating reactive power Q.. as the loading generated reactive
power Q;.. The compensating reactive power Q. is related to the controllable
fundamental impedance of the TCLC part Xycpef) in (4.1), which can be
expressed as:
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Vi Vi
= o (4.5)
PE2CPF +XL

QCX

X (o
TCLCXf( X) Xcpp (2m—20 + sin 20, ) —7X 1

where V, is the root mean square (RMS) phase load voltage. In (4.5), the phase
compensating reactive power Q.. depends on X;., X;pr, Xcpr and o,. Hence, the
required reactive power compensating range can be used to design the TCLC part
parameters.

From Fig. 4.1, the TCLC part has two back-to-back connected thyristors 7,; and
T, for each phase, and they are triggered alternately in every half cycle. When both
thyristors 7T,;and T, for each phase are turned off for the whole fundamental period
(firing angle o, = 180°), the TCLC part can be considered as a LC filter (L. in series
with Cpp). In this case, the TCLC part provides the maximum capacitive com-
pensating reactive power Qcymaxcap) The expression of Qcyaaxcap) €an be
expressed as:

VZ
cx(MaxCap) — - 4.6
O x(MaxCap) X, — XL (4.6)
On the other hand, when one of the thyristors (7, or Ty,) is turned on for half of
the fundamental period (firing angle «, = 90°), the TCLC part can be considered as
a coupling L. in series with the parallel combination of Lpr and Cpg. In this case,
the TCLC part provides the maximum inductive reactive power Q. aaxina)- 1he

expression of Q. maxing) €an be expressed as:

v
ch(MaxInd) =X, Xe o (47)

XippXcpp X
Xepr —Xipp AL

Based on (4.6), (4.7) and the system parameters as shown in Table 4.5, the
relationships among the compensating reactive power Q..,, firing angle o, and the
TCLC parameters (L., Lpr and Cpg) are shown in Fig. 4.3.

From Fig. 4.3a, it is clearly shown that Q. is not sensitive to the variation of L.
when o, varies from 90° to 180°. Figure 4.3b illustrates that the inductive reactive
power compensating range (Q., > 0) highly depends on Lpp, especially for Q..
(Maxind) At ox = 90°. However, the Ocqmaxcap) at ox = 180° is independent on
Lpr. Moreover, as shown in Fig. 4.3c, the capacitive reactive power compensating
range (Q.. < 0) highly depends on Cpr when o, changes. In addition, it is noted that
when the inductive reactive power compensating range may disappear with Cpp
increasing (Q., < 0 with o, € [90°, 180°]). This phenomenon can be explained by
(4.7) that Q xmaximay< O with the Xcpp< X pr. Therefore, it is necessary to design to
Xcp> Xppr if the users’ requirement is to compensate both inductive reactive
power and capacitive power.

From Fig. 4.3, the reactive power compensating range of the TCLC part depends
mainly on the values of parallel Cpr and Lpr, and much less on the coupling L..
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(a) (b)

Qcx (var)
Qcx (var)

Qcx (var)

w10 Cpr (F)

O/x (Degree)

Fig. 4.3 Relationships among Q.,, o, and TCLC parameters (L., Lpr and Cpr). a L. is varying
while Lpy and Cpp are fixed. b Lpris varying while L. and Cpp are fixed. ¢ Cpf is varying while L.
and Lpp are fixed

To compensate the reactive power, that is Q.. = Qy, Cpr and Lpr can be designed
based on the maximum inductive reactive power QO maxind) (= ~QexMaxcap)) and
maximum capacitive reactive power Oy amaxcap) (= ~Qexmarma)) generated by the
loading.

From (4.6) and (4.7), the parallel capacitor Cpr and inductor Lpr can be
designed as:

QLx(Maxlnd)
Cpp = 4.8
PF ? - QLx(MaxInd) Let+w- VXZ ( )
V2 + oL, wCa
Ler x Qt(axcap) (4.9)

C @ V2 Crr — 0 Qrimarcap) + @ - Le - Cor - Qpx(barcap)

where o is the fundamental angular frequency.

The purposed of L. is to filter out the current ripple caused by the power
switches of the active inverter part. And the detailed design of L. will be included in
Sect. 4.4.3. In the following section, the parameter design of TCLC-HAPF under
unbalanced loading will be proposed.
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4.4 Proposed TCLC-HAPF Parameter Design Method
Design for Unbalanced Loads

In this section, a parameter design method is discussed and explained into four
parts. In Sect. 4.4.1, the relationship between the required TCLC-HAPF funda-
mental impedances (X, + Xscryy) and the load power is deduced based on power
flow analysis. The parameter design of the required fundamental DC-link voltage
Vbep Cpr and Lpp is proposed under the fundamental frequency consideration for
three different kinds of unbalanced loading. In Sect. 4.4.2, the parameter design of
required harmonic DC-link voltage Vp¢y, is proposed under harmonic frequency
consideration. In Sect. 4.4.3, the design of L. is given. In Sect. 4.4.4, a summary
table of TCLC-HAPF parameter design under unbalanced loading is drawn in
Table 4.2.

4.4.1 Design of Vpcp Cpr and Lpyp Based on Power Flow
Analysis Under Fundamental Frequency
Consideration

Referring to Fig. 4.2a, the required TCLC-HAPF impedance (Xrcpcxr + Xacry) can
be calculated by applying the Ohm’s Law as:

— — —
Xreroy +Xacry = (fo - an)/ I o (4.10)

where fo and Tfo are the fundamental load voltage and compensating current

phasor respectively, where x stands for phase a, b and c. 7,# is the fundamental
common point voltage. By using the Kirchhoff’s circuit laws (KCL), the com-
pensating current relationship can be expressed as:

V.-V V,-V
— — — — b —
Icaf+lcbf+lccf:. . .nf . .nf
JXrcLcor t1Xacrar  JXtercwr + i Xacror
A, (4.11)
Vc - an

iXrcrce +iXacry

Simplifying (4.11), the expression of 7,,,» can be obtained as:
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Vo (Xrerewr + Xacrop) Xrereer + Xacrer) Vo
nf Xqu a

X of + Xacter) Xor + Xacra
+( recce + Xacrer) (Xar + ACTf).V’bf (4.12)

Xqu
n (Xrcrcar + Xacrar) Xreresr + Xacriy) V.,

where

Xegr = Xrercar + Xacrar) Xrerenr + Xacray)
+ (Xrcrens + Xacror) Xrereer + Xacrer) (4.13)
+ (Xrcreer + Xacrer)(Xrercas + Xacrar)

— . - = — .
The I . can be expressed in terms of V s (V, = V,¢) for v, is assumed to be
pure sinusoidal without harmonic components [18]) and the compensating active
and reactive power P, and Q., as:

Ty = [(Pec+i0e) [ V| (4.14)

where the note “™ denotes the conjugation. For unbalanced compensation, the
TCLC-HAPF can provide the same amount of reactive power as the loading
required but with opposite directions and balance the three-phase source active
power to their average values (P;,+ P;,+ P;.)/3 simultaneously. Thus, the com-
pensating P, and Q., can be expressed as:

(4.15)

Pro+Puy+P
O = — 0Ly and P, = _<PLx — %)

where Py, and Oy, is the load active and reactive power of each phase.
Based on (4.10)—(4.15), the required TCLC-HAPF impedance
(XrcLexr + Xacry) can be deduced as:

3V2(Qre— 01— 01a) " (Q1p—01a—01c) "

XTCLCaf + XACTaf (OLe —QLb—QZLufl + (QLa_QLil_QL(‘)il + (QLb_inLa_QL()il

Xrercsr + Xacty 3V (QLe—01h—01a)” (Qra—Q1p—0Le) (4.16)
f f (01e—015—01a) " + (01a— 01— 01c) " + (Q1p—01a—01c) ™ ’

XTCLC‘f + XACT‘f 3V2(Qra— 0w —01) " (Q1p—01a—01c) ™"

(01c—015—0ra) " + (01a—015—01c) " + (Q1p—0ra—0rc) ™

where V, is the root-mean-square (RMS) value of load voltage. From (4.16), the
TCLC-HAPF impedances can be calculated based on Q;, and V.. With the
pre-measured variation ranges of the loading reactive power, the required
TCLC-HAPF impedance (Xrcrcxt Xacryp) can be obtained.
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Referring to Fig. 4.2a, the fundamental inverter voltage V;,,,rcan be obtained as:
Vinwcf = XACTxf ' chf (417)

where X, crpand I..rare the fundamental active impedance and compensating current.
The Xacry is directly proportional to the required fundamental DC-link voltage
(Vpey), and Vpeyis proportional to the power loss and system cost. Therefore, the
Xacryy can be designed to be zero (Xacry~ 0) in order to minimize them.

VDCf = max( \/6 . Vinvaf \/6 : Vinvbf \/6 : vinvcf )
=max(v6 - Xacrar - Lot V6 Xacror - Ly V6 - Xacrer - Les ) =0
(4.18)

In (4.7), the scale of \/6(:\/5 . \/5) can be explained by the following two
reasons: A. to guarantee the sufficient V¢, the peak value of fundamental inverter
voltage need to be considered Vipxr(p) = V2 - Vimxs- B. to transfer the phase voltage
Vinvyr to line-to-line dc-link voltage, the scale of V3 is required.

With such minimum Vpy design, the TCLC part is mainly used to compensate
reactive power and balance the active power, while the active inverter part is mainly
used to improve the harmonic compensation ability of TCLC part (discussed in next
part). Therefore, (4.16) can be simplified as:

3V2(Qre— 01— Qra) " (Q1p—01a— Q1) "

Xrcrcaf (Q1c=01=01a) " +(Qra—=01s—01c) ' + (Q1p—0Q1a=01c)

XreLen 3V2(Qre— 01— Qra) " (Qra—Qu— Q1) (4 19)
! (Ore—01p—01a) ™" + (QLa—01p—01c) ™ + (05— Qra—0Q1c) ™" '

XTCLCCf 3V2(Qra—01s—01c) (Qro—0ra—01c) "

(OLe—0w—01a) " + (CLa—0»—01c) ™ + (015~ 0ra—0rc) "

The TCLC part is an L. (X;.) in series with a paralleled combination of a Lpp
(Xrpr) and a Cpp (Xcpr), in which the TCLC impedance can be deduced as:

"X1pp Xcpp

XTCLCaf(OCa) Xepp <2”_2ig + ;“ 204) =X Lpp + XL‘

_ TxLpp ACpp
XTCLbe(OCb) | Xcpp (2n—20 + sin 205 ) — Xy + XL< (420)
XTCLCCf ((xc) "X LppXcpr + X,

Xcpp 2n—20, + sin 20 ) 7 Xy,

In (4.20), X; ., Xcpr, X1 pr are the fundamental impedances of coupling inductor L,
the paralleled capacitor Cpp and inductor Lpg. o is the firing angle of the thyristor.
The TCLC part has two back-to-back connected thyristors 77,, T5,, and they are
triggered alternately in every half cycle. When o, = 180° (thyristors are opened for the
whole cycle), the TCLC part has the maximum capacitive TCLC impedance X cqppax)
(<0). On the other hand, when the firing angle o, = 90° (one of thyristors is closed for
whole cycle), the TCLC part has the minimum inductive TCLC impedance Xj;,sin)
(>0). Therefore, X cqprax) and Xp,qearin) can be expressed as:



4.4 Proposed TCLC-HAPF Parameter Design Method Design ... 85

XCap(Max) = XL(. - XCPF =wL, — 1/(UCPF (4.21)

XL XC (,L)Lpp
Xn in) — AEN, X, =——— (ULC 4.22
Ind(Min) XCPF - XLPF - 8 1- szPFCPF * ( )

where o (= 2nf) is the angular frequency. To guarantee the TCLC part has
inductive compensation range and capacitive compensation range, the basic con-
ditions of Xcqpaan< 0 and Xp,qp1in)> 0 need to be satisfied. Thus, from (4.21) and
(4.22), the following relationships can be obtained:

Cpr < 3 (423)
1

Lpr < 4.24

PF 02Crr ( )

In the following, the design of Cpr and Lpr will be separated into three different
kinds of loading for discussion: (1) unbalanced inductive loads, (2) unbalanced
capacitive loads and (3) mixed inductive and capacitive loads.

A. Unbalanced inductive loading compensation

For the unbalanced inductive loading compensation, the required TCLC impe-
dance Xycpcys obtained in (4.19) are capacitive (Xrcrcy< 0). To compensate
inductive loads, the design maximum capacitive TCLC impedances Xcqpmax) in
(4.21) is required to be equal to or larger than the required X7y in (4.19).
Therefore, the TCLC impedance design criteria for each phase can be given as:

Xrerey < Xcapmax) < 0 (4.25)

Substituting (4.21) into (4.25), the design criteria of Cpy can be obtained as:

1 1

— < Cpp < —— 4.26
szc - wXTCLfo = szc ( )

where the final Cpy can be obtained as:
Cpr = max (CPF|XTCLCa/’ Cpr |XTCchf’ CPF|XT(‘LCcf) (427)

To ensure the TCLC part can cover the entire inductive loading range, the
compensating range needs to cover the capacitive boundary [left hand side term of
(4.26)]. Then, the TCLC inductance Lpy can be designed by (4.24) accordingly.

B. Unbalanced capacitive loading compensation

For unbalanced capacitive loads compensation, the required TCLC impedances
Xrcrexr in (4.19) are inductive (X7crc> 0). To compensate capacitive loads, the
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design minimum inductive TCLC impedances Xj,qmin) in (4.22) is required to be
equal or smaller than X7¢; ¢ Therefore, the TCLC impendence design criterion for
each phase can be given as:

Xreres = Xiaving > 0 (4.28)
Substituting (4.22) into (4.28), the design criteria of Lpr can be obtained as:

L, XrcLeyr — OLe

S < 4.29
@?L.Cpp — 1 ?XrcreyCpr — 3L Cpp + (4.29)

Similarly, to ensure the TCLC part can cover the entire capacitive loading range,
the compensating range needs to reach the inductive boundary. Then, the TCLC
capacitance Cpr can be designed by (4.23) accordingly. However, with satisfying
(4.23), the left side boundary of (4.29) is a negative value, so that (4.29) can be
further simplified as:

Xrcroy — WL

Lpp < 4.30
"= 0 Xrcrey Crr — 0P LeCpp + 0 (4.30)

where the final Lpr can be obtained as:
Lpp = min (LPF|X’1'CLCaf7 LPF‘X’ICLC})/" LPF|XI'CLC:/’) (431)

C. Mixed inductive and capacitive loads

When the unbalanced loading is mixed inductive and capacitive loads, the phase
load reactive power can be positive (Q7,> 0) or negative (Q;.< 0). Therefore, both
(4.26) and (4.30) are required to be satisfied. If the X7, cy< 0, the design criterion
of Cpr can be obtained by substituting the calculated Xrcy ¢y into (4.26). On the
other hand, the design criterion of Lpy can be obtained by substituting the calculated
XTCLC)qf > 0 into (430)

Based on the above analysis, the design of Cpr and Lpr under the different types
of loads can be summarized in Table 4.2.

4.4.2 Design of Vpcn, Based on Harmonic Frequency
Analysis

Referred to the harmonic models given in Fig. 4.2b, the harmonic current I,
circulating in the source is provided as:
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 Xpo + Xrcrem + Xactm

where I, and I, are the source and load harmonic current, respectively. X;, is
the harmonic source side inductance. The purpose of the X 7y, is to reduce the
harmonic current flowing into the source side. Ideally, the I,, can be reduced to be
zero (I.,,= 0). Therefore, the X, can be controlled to be:

Xacron = —Xrcrem (433)

In (4.33), the Xscrw: and Xrcrcx, are the harmonic active impedance and har-
monic impedance of TCLC part. The absolute value of X4 cry, and Xzcrcxn in €ach
harmonic order can be expressed as:

TC(I’Z(L)LPF)
(21 — 20+ sin20) — n(nw)” - LprCpr

[Xacrun (0)] = [Xrercm ()] = +noL,

(4.34)

where n is the harmonic order. Based on (4.34), the absolute value of the X7 cyn(n)
and active impedance X,cry,(n) under different harmonic order can be plotted as
Fig. 4.4.

The required DC-link voltage V¢, for harmonic current compensation can be
expressed as:

VDCh = max( \/6 . Vinva.h \/6 . Vinvbh \/6 . Vinvch )

= max (%\/i (Xrercan - ILan)2 \/6\/?: (XreLeon - ILhn)2 %\/i (Xrcrcen - ILz‘n)z)
n=2 n=2 n=2

(4.35)
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In (4.35), I, is the load harmonic current in each order. Based on (4.18) and
(4.35), the total required DC-link voltage can be given as:

Vpe = Vlz)Cf + V2DCh
- (Vg\/z (XTCLCan : ILan)z’ \/6\/2 (XTCLCbn ’ ILbI‘l)27 (4 36)
n=2 n=2 ’
\/6\/2 (XTCLCCn : ILC}1)2>
n=2

In (4.36), the I, is pre-measured from the loading and X7¢; c,, is obtained from
Fig. 4.4. To guarantee a sufficient Vpc for TCLC-HAPF compensation within its
compensation range, Vpc is designed based on worst case Ir,, during the
pre-measured period.

4.4.3 Design of L. for Current Ripple Filtering

The purposed of L. is to filter out the current ripple caused by the power switches of
the active inverter part. The value of the L. can be designed as:

Vbe

L.>———
‘=8 fs : AlL(.max

(4.37)

where Vpc is the DC-link voltage, f; is the switching frequency, Aij max is the
maximum allowed output current ripple value.

4.4.4 Summary of TCLC-HAPF Parameter Design

Based on above discussions, the proposed parameter design method of
TCLC-HAPF under three different types of loadings can be summarized in
Table 4.2. Once the ranges of Ir,, and Q;, are pre-measured, the TCLC-HAPF
parameters can be designed accordingly by those equations in Table 4.2. In the
following section, simulation case studies will be provided to show the validity of
proposed parameter design method in comparison with the conventional design
method.
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In this section, simulation case studies are provided to verify the proposed unbal-
anced parameter design of TCLC-HAPF in Sect. 4.4 (Table 4.2) in comparison
with the balanced parameter design of TCLC-HAPF in Sect. 4.3 (Table 4.1). The
simulation studies are carried out by using PSCAD/EMTDC. The parameters of
TCLC-HAPF will be designed according to Sects. 4.3 and 4.4 (Table 4.2) to
compensate two sets of loads: (a) unbalanced inductive loads and (b) mixed
inductive and capacitive loads. With RMS value of load voltage V.= 110 V, the
active and reactive power of two sets of testing loads are given as:

Table 4.1 Proposed balanced parameter design of TCLC-HAPF

Parameter Expression Equation no.
Design Cpr Cop — OLy(Maxind) 4.8)
PF = 020 astnay Le + V2
Design L, _ Vf + 0L O (MaxCap) 4.9
PF Lppr =
PF ©?-V2-Cpp—0-Op(marcap) + @ -Le-Crr-Opx(MarCap)

where Orx(Maxind) (= _ch(Mtchap)) and QLx(MaxCap) (= =OcxMaxina)) can be found from (4.6) and

.7

Table 4.2 Proposed parameter design of TCLC-HAPF under three different types of loading

Parameter | Load types Cpr design Lpp design

Design Unbalgnced m < Cpp< mzlLL 4.26) | Lpp < ﬁ 4.24)

Lpr and inductive loads

B P W e 429 | Lor < et | 430
The final Cpr and Lpf can be expressed as: “@.27)
Cor = max(Corlyey+ Crrliaay s Crliiecy )
Lpr = min (LPF‘XTU_WA, Lprlxpey e LPF\XR.LM) 43D

Design L, | L, > Sﬁ‘;ﬁ 4.37)

Do | voe =Vt Vi “-36)

= max ( NG né (Xrcrcan i)’ V6 :gz (Xrcrcon - Tuwm)?, V6 gz (XreLeen 'ILm)2>
XrcrLey is obtained from (4.19) and x stands for phase @, b and c. 4.19)

Xrcrear
Xrcrewy
Xreree

3V2(01e =01 =01a) " (Q1s = Qra— Q1)

(Ore=01r—01a) " +(Qra— 01y —01e) "+ (Q1p—0ra—0r) "
3V2(Qre =01 —0ra) " (Qra—01p—01c) ™!

(Q1e=01—01a) "+ (Qra—01n—01e) "+ (Q1s—01a—01c) '
3V2(Qa— 01 =01c) " (Q1p—0ra—01) ™!

(Qre—=01—01a) " + (Qra—0u—01) "+ (01p—0a—0r) "
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Table 4.3 Parameter design for (a) unbalanced inductive loads compensation

4 Modeling and Parameter Design Method ...

Balanced design method (Sect. 4.3)

Unbalanced design method (Sect. 4.4)

Required v 3V2(Que =01 —0ua) Q15 —0ua—Q1) ™"
Xreress XrcLcof % —28.0 Xrcrcos (@0 01a) "+ (Qra—Qur—0Qre)  + (05 —Qre— Q) |
Xrcrapr | = | g | = | —41.6 X _ 3V2(Qre— Q15— 01a) " (Qra—Qus— Q1)
Xrcreo v —25.7 reLeyf Qo0 00) " +(Qua—C1s—01) ' +(Qur—0ra—0rc) "
o Xrcee 3V2 (010~ 0u~0u) (O —0r—01)”!
(Qre=01—0ra) " +(Qra—0us—01) ™" +(Qus—01a—0uc) !
—27.2
=|-50.5
—20.9
Crr [107 uF, 74 uF, [111 pF, 61 pF, 141 pFlny < Cpr< 2026 pF
Design 116 pFlpax < Cprp< 2026 pF
Lpr Lpr< [94 mH, 137 mH, Lpr< [92 mH, 165 mH, 71 mH],
Design 86 mH] iy

Table 4.4 Parameter design for (b) mixed inductive and capacitive loads compensation

Balanced design method (Sect. 4.3)

Unbalanced design method (Sect. 4.4)

Required v 3V2(Que—01p—0ua) (01— 0ru—0)
Xrcrew Xrcrcar 2 —452 XrcLcq (001 —0u) " + Q=00 —0ue) ' + (01— 0a—0uc)
i Xrcray | = | go | = | 494 % _ 3V2(01e =01 —01a) " (Qra=0Qur—=01) "

Xrcreo Vv —-56.5 reLey Qo0 0u)  +(Qua—01s—01) ' +(Qur—0ra—0rc) !
i Xrcree 3V2(01 =01 =0u) " (Q1y~0ra=01c) ™"
(01e—01p—01a) ™+ (Qra—01p—01) " +(Qu»—0ra—01) ™!
—36.3
= | 882
—-23.2
Cpr [68 uF, —67 uF, [84 uF, =36 WF, 129 pFlny < Cpp< 2026 uF
Design 54 UFlnax < Cpp< 2026 pF
Lo Lpp< [156 mH, 54 mH, Lpr< [134 mH, 52 mH, 324 mH]n
Design 195 mH] i

[Pro+jOLa
Py +jOrp

[Py +jOLa
Pry+jOrp
| Pre +JjOLc

_PLC +jQLc i

[435 + j432]
= | 571 +,291
| 629 4470 |
1 [185+,268]
= | 425 — j245
| 745+ 214 |

(4.38a)

(4.38b)

Based on load power given in (4.38a), the parameter design procedures of the
proposed methods are summarized in Tables 4.3 and 4.4.

According to constructed loading harmonic current (I,,) in Sects. 4.5 and 4.6,
the Vpc designed to be 60 V based on (4.36) can be sufficient for nonlinear loads
compensations. And according to simulation and experimental settings (f; = 5 kHz
and Aij max = 0.4A), the L. designed to be 5 mH can satisfy (4.37) (>3.75 mH).
From above discussion, Tables 4.3 and 4.4 and matching with the experimental
components and settings simultaneously, the final designed parameters for
TCLC-HAPF for both loading cases are shown in Table 4.5.
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Table 4.5 Design of TCLC-HAPF by applying the balanced design method (Sect. 4.3) and
unbalanced design method (Sect. 4.4)

Cpr (UF) | Lpp (mH) | Vpe (V)(4.36) | L, (mH)(4.37)
Balanced design method 120 30 60 5
Unbalanced design method 160 30 60 5

By following the parameter designed methods in Tables 4.3 and 4.4 and
matching the experimental results simultaneously, the final designed parameters of
TCLC for both loading cases are shown in Table 4.5. With the consideration of
IEEE standard 519-2014 [21], the Total Demand Distortion (TDD) = 15% and Is/
I; in 100 < 1000 scale at a typical case, the nominal rate current is assumed to be
equal to fundamental load current at the worst case analysis, which results in
THD = TDD = 15%. Therefore, this chapter evaluates the compensation perfor-
mance by setting THD < 15%.

To compensate the two sets of testing loads as shown in (4.38a), Figs. 4.5, 4.6,
4.7 and 4.8 show the simulation compensation results of source voltage and current,
source reactive and active power by using (a) TCLC-HAPF designed by balanced
design method (Sect. 4.3), (b) TCLC-HAPF designed by unbalanced design
method (Sect. 4.4) respectively. Figures 4.9 and 4.10 illustrate the phasor diagrams
of source voltage and current. Finally, the corresponding simulation results for two
sets of testing loads are summarized in Table 4.6.

After the TCLC-HAPF compensation with balanced design method (Sect. 4.3),
the fundamental source reactive power of phase a and ¢ (unbalanced inductive
loads in Fig. 4.5) and phase c¢ (mixed inductive and capacitive loads in Fig. 4.7)
cannot be compensated to be close to zero, and the fundamental source active
power are not balanced for both loadings cases. The source voltage and current are
not all in phase with each other after compensations as shown in Figs. 4.9 and 4.10.
From Figs. 4.5a, 4.7a and Table 4.6, the worst phase source current total harmonic
distortions (THD;,,) after TCLC-HAPF (designed by balanced method) compen-
sation are 11.5% for unbalanced inductive loads case and 18.5% for mixed
inductive and capacitive loads case, which do not satisfy the IEEE standard
(THD < 15%) [21]. The source current unbalanced factor (UBl) is 12.0% for
unbalanced inductive loads compensation and 24.1% for mixed inductive and
capacitive loads compensation, respectively.

With the proposed parameter design method (Sect. 4.4), the TCLC-HAPF can
balance the three-phase active power and compensate the reactive power for both
loading cases as shown in Figs. 4.6 and 4.8 and Table 4.6. As shown in Figs. 4.9
and 4.10, the source voltage and current are in phase with each other after
TCLC-HAPF compensation. Moreover, the THD;,, has been reduced to less than
6% for unbalanced inductive loading compensation and 10% for mixed inductive
and capacitive loading compensation, which can satisfy the IEEE standard [21]. In
Table 4.6 it is shown that the source current unbalanced factor (UBl) is less than
3.0% after compensation by TCLC-HAPF with proposed design method.
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Fig. 4.5 Dynamic
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Based on simulation case studies, it can be seen that the TCLC-HAPF with
balanced design method cannot fully compensate reactive power, balance active
power and achieve acceptable current harmonic compensation results. With the
proposed parameter designed method, the TCLC-HAPF can fully compensate
reactive power, balance active power and obtain acceptable current harmonic

compensation results.
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4.6 Experimental Results

In this section, an 110 V-5 kVA experimental prototype of TCLC-HAPF with
proposed design method is built in laboratory. Its component values and the testing
loads are the same as the simulation case studies.
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Fig. 4.7 Dynamic
performance by using
TCLC-HAPF with balanced
design method (Sect. 4.3) for
mixed inductive and
capacitive loads
compensation: a v, and i,
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From Figs. 4.11 and 4.12 and Table 4.7, with the proposed parameter design
method, the TCLC-HAPF can compensate the fundamental reactive power and
balance the active power. From Figs. 4.11a and 4.12a, after TCLC-HAPF com-
pensation, the worst phase PF has been compensated from original 0.56 for
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unbalanced inductive loads and 0.60 for mixed inductive and capacitive loads to
0.99. The worst phase THD;,, have been compensated to 9.5 and 10.6% from the
original 22.7% for unbalanced inductive loads and 38.6% for mixed inductive and
capacitive loads, which can meet the IEEE standard (THD < 15%) [21]. As shown
in Fig. 4.13, the source voltage and current are in phase with each other after
TCLC-HAPF compensation. Moreover, the UBl is less than 3.0% after com-
pensation for two sets of loading.
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Fig. 4.9 Simulated phasor diagrams of v, and i, for unbalanced inductive loads compensation:
a before compensation, b after TCLC-HAPF by balanced design method (Sect. 4.3) compensation
and ¢ after TCLC-HAPF by proposed design method (Sect. 4.4) compensation

Fig. 4.10 Simulated phasor diagrams of v, and i, for mixed inductive and capacitive loads
compensation: a before compensation, b after TCLC-HAPF by balanced design method (Sect. 4.3)
compensation and ¢ after TCLC-HAPF by proposed design method (Sect. 4.4) compensation

4.7 Summary

In this chapter, a three-phase modeling of TCLC-HAPF under balanced/unbalanced
compensation is proposed instead of using of the traditional equivalent single-phase
modeling. Based on the three-phase modeling, the parameter design method for
TCLC-HAPF is proposed to balance the source active power, compensate loading
reactive power and harmonic current. The balanced parameter design method of
TCLC-HAPEF is proposed based on maximum reactive power compensation among
the three phases, while the inner-flowed unbalanced power has not be considered.
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Table 4.6 Simulation results for unbalanced loads compensation before and after TCLC-HAPF

compensation
is(A) | Po(W) | Owlvar) | PF | THD;(%) | UBI(%) | VpdV)
A 5.6 445 432 0.69 26.7
2 Before Comp. | B 5.8 571 291 0.86 259 25.8 -
g C 72 629 470 0.78 20.8
E .| TcLcHAPF [ A | 45 500 36 0.98 9.6
BE| (Balanced B 5.1 565 1 0.99 6.8 12.0 60
g~ method) C 5.1 565 68 0.98 11.5
E TCLC-HAPF | A | 48 550 4 0.99 42
5 (Proposed | B | 49 559 2 0.99 538 2.0 60
method) C 49 559 10 0.99 57
A 3.1 185 268 0.50 522
o Before Comp. | B 4.6 425 245 0.82 353 76.5 -
28 C 6.8 745 214 0.94 224
S-2| TCLC-HAPF | A | 40 416 1 0.99 185
2z (Balanced B 5.1 544 10 0.99 18.3 24.1 60
% § method) C 4.6 472 112 0.97 15.1
¥ & TcLC-HAPF | A | 44 465 5 0.99 8.7
ZCl  (Proposed B 45 476 -14 0.99 9.9 22 60
method) C 45 467 -16 0.99 6.7

Note The shades areas mean undesirable results

The unbalanced parameter design method has taken consideration of the

inner-flowed unbalanced power among each phase under three different types of

loading cases: unbalanced inductive loads, unbalanced capacitive loads, and mixed
inductive and capacitive loads. Though the simulation and experimental results, it is
proved that the proposed unbalanced parameter design method (Sect. 4.4) for
TCLC-HAPF can effectively balance the source active power, compensate load
reactive power and harmonic current under unbalanced loading, in which the bal-
anced parameter design method (Sect. 4.3) cannot achieve satisfactory compensa-
tion during unbalanced loading case.
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Fig. 4.11 Dynamic
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Table 4.7 Experimental results for unbalanced loads compensation before and after TCLC-HAPF

compensation
i(A) [Po(W) | Ou(var) | PF | THDu(%)| UBLs(%) | Voc(V)
- A 5.1 310 460 |0.56 22.7
3 g Before Comp. B 4.9 520 150 [0.94 224 43.1 -
% > C 7.4 600 450 |0.82 14.5
=2 A | 46 | 510 20 |099] 95
cE (Pricégélfn‘zﬂfo o [B 46 [ 530 [ 10 [099] o4 43 60
£ P C| 48 | 540 | 20 [0.99] 94
A 3.1 230 260 |0.60 38.6
& o Before Comp. B 4.6 510 -150 [0.93 23.9 54.3 -
§ _g }E 9] C 6.8 680 290 (091 17.9
X5 8 g A 4.5 480 -30 0.99 9.7
ERER : - ~ -
= g S (Pr](;c(i(e:dl‘rlrlllxelt)lfod) B 4.5 510 -30 0.99 10.4 2.2 60
P C| 46 | 500 0 |099] 106
Note The shades areas mean undesirable results
(a) (b)
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Fig. 4.13 Experimental phasor diagrams of v, and i;, compensation: a before compensation for
unbalanced inductive loads, b after TCLC-HAPF compensation for unbalanced inductive loads,
¢ before compensation for mixed inductive and capacitive loads and d after TCLC-HAPF
compensation for mixed inductive and capacitive loads
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Chapter 5 )
Proposed Unbalanced Control Strategy s
for Thyristor Controlled LC-Coupling

Hybrid Active Power Filter

(TCLC-HAPF)

Abstract This chapter proposes a control strategy for a three-phase three-wire
thyristor controlled LC-coupling hybrid active power filter (TCLC-HAPF), which
can balance active power and compensate reactive power and harmonic current
under unbalanced loading. Compared with TCLC-HAPF with conventional control
strategy, active power filters (APFs) and hybrid active power filters (HAPFs), which
either fail to perform satisfactory compensation or require high rating active inverter
part for unbalanced compensation, a control strategy was proposed for
TCLC-HAPF to operate with a small rating active inverter part for a variety of loads
with satisfactory performance. The control idea is to provide different firing angles
for each phase of the thyristor controlled LC-coupling part (TCLC) to balance
active power and compensate reactive power, while the active inverter part aims to
compensate harmonic current. Firstly, the required different TCLC impedances are
deduced. Then, independent firing angles referenced to the phase angle of voltage
across TCLC are calculated. After angle transformations, final firing angles refer-
enced to phase angle of load voltage are obtained. In this chapter, a novel controller
for TCLC-HAPF under unbalanced loading is proposed. Simulation and experi-
mental results are provided to verify the effectiveness of the proposed controller in
comparison with a state-of-the-art controller.

Keywords Active power - Current harmonics - Hybrid active power filter (HAPF)
Reactive power - Thyristor controlled LC-coupling hybrid active power filter
(TCLC-HAPF) - Unbalanced compensation

5.1 Introduction

When unbalanced nonlinear loads are connected to the three-phase system, a
number of current quality problems can come out such as unbalanced current, low
power factor, and harmonic pollution. Implementation of power filters like Static
Var Compensators (SVCs), active power filters (APFs) hybrid active power filter
(HAPF) is one of the solutions for power quality problems. Many control
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techniques have been proposed to improve the performance of SVCs, APFs and
HAPFs and solve the unbalanced problems [1-17]. The different method can be
classified as below and explained as:

(1) Eliminate the oscillating power components though the instantaneous power
theories [1-6];

(2) Compensate the negative- and zero-sequence components of the load current
[7-15];

(3) Compensate reactive power and balance active power through the deduced
active, reactive and apparent power’ formulas (or power analysis) [16, 17].

To eliminate the oscillating power, Akagi et al. [1] proposed well-known
instantaneous p-q control method. In order to adapt instantaneous p-q control
method under different voltage conditions (distorted, unbalanced, etc.), many other
control techniques were further developed such as: d-q control method [2-7], p-q-r
control method [8-10], Lyapunov function-based control method [11], etc.
However, those instantaneous power control methods [1-11] are dedicated to
inverter/converter-based structures. Another popular control method for APFs and
HAPFs is to balance the system by compensating the negative- and zero-sequence
current components (+, — and 0 sequences), as the oscillating power/voltage/current
can be analytically expressed as positive-, negative- and zero-sequence components
[12]. However, the sequence components introduced by harmonics have not been
taken into consideration. To solve this problem, the authors in [13—15] combine the
above instantaneous control methods with the +, — and 0 sequence control method,
but the computation steps increase a lot, thus significantly increasing the control
complexity. Different with the above two types of methods, Czarnecki et al. [16, 17]
proposed a power analysis control method based on the theory of current’ physical
component (CPC) to compensate the reactive power in unbalanced three-phase
four-wire system. However, the active power remains unbalanced after this power
analysis method compensation, which means the unbalance power cannot be
completely eliminated.

With all the above control methods, both APFs and HAPFs can compensate the
reactive, harmonic and unbalanced power. However, both APFs and HAPFs
probably require high active inverter rating (high initial cost and switching loss) to
perform unbalanced power compensation due to the inductive coupling structures
of APFs and the narrow compensation range limitations of HAPFs. And, the above
control methods [1-17] are all focused on controlling the active inverter part. In
2014, Rahmani et al. [18] proposed the thyristor controlled LC-coupling hybrid
active power filter (TCLC-HAPF) which can operate with a low rating active
inverter part for reactive power and harmonic current compensation. Different with
APFs and HAPFs, the TCLC-HAPF contains both controllable thyristor controlled
LC-coupling part (TCLC) and active inverter part. To control TCLC-HAPF, a
state-of-the-art control method is proposed in [18] to reduce the steady-state error of
the TCLC part and improve the performance of current tracking and voltage reg-
ulation of the active inverter part. However, the control method proposed in [18]
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was designed based on the assumption of balanced loading condition. If this control
method is applied to TCLC-HAPF for unbalanced loading compensation, it either
fails to perform acceptable current quality compensation or requires a high rating
active inverter part for compensation, which results in increasing the system initial
cost, switching loss and switching noise.

Therefore, this chapter proposes a hybrid unbalanced control method for the
TCLC-HAPF, which can balance source side active power and compensate the
reactive power and harmonic current with low dc-link voltage characteristic. The
control idea is to generate different firing angles to each phase of the TCLC in order
to compensate reactive power and balance active power, and the active inverter part
aims to compensate the harmonic current. As a result, the voltage rating of the
active inverter part can be low, and consequently the system initial cost and
switching noise can be significantly reduced. Moreover, the TCLC-HAPF can still
maintain a wide compensation range with acceptable performance comparable with
the conventional solutions [1-17].

In this chapter, a brief introduction of research background and motivation is
covered in Sect. 5.1. In Sect. 5.2, the circuit configuration of the TCLC-HAPF is
presented and discussed. In Sect. 5.3, the hybrid controller for the TCLC-HAPF
under unbalanced loading is proposed and explained. Afterwards, simulation and
experimental results are given to verify the effectiveness of the proposed unbal-
anced control strategy for the TCLC-HAPF in comparison with the state-of-the-art
control method [18] in Sect. 5.4. Finally, summary is drawn in Sect. 5.5.

5.2 Circuit Configuration of Three-Phase Three-Wire
TCLC-HAPF

The circuit configuration of a three-phase three-wire TCLC-HAPF is given in
Fig. 5.1, where the subscript ‘x’ denotes phase x = a, b, c. v,,, v, and v;,,, are the
system voltage, load voltage and inverter output voltage respectively; L, is the
system inductance; iy, i;, and i, are the source, load and compensated current
respectively. Cpc and Vpe are DC-link capacitor and dc-link voltage; L. is the
coupling inductor; Lpr and Cpp are the TCLC part inductor and capacitor.

In this topology, the TCLC part and the active inverter part can complement each
other’s disadvantages. As the TCLC part offers the reactive power compensation
range and provides a large voltage drop between load voltage and inverter voltage,
the voltage rating of the active inverter part can be significantly reduced. On the
other hand, the active inverter part can solve the inherent problems of using TCLC
alone, such as inrush current, resonance problem, noise of thyristors turning on/off,
mistuning of firing angles and low harmonic compensation ability. Based on the
circuit configuration as shown in Fig. 5.1, the unbalanced control strategy for the
TCLC-HAPF will be proposed in next section.
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Loads

Fig. 5.1 Circuit configuration of a three-phase three-wire TCLC-HAPF

5.3 Proposed Unbalanced Control Strategy
for TCLC-HAPF

The purposes of the proposed unbalanced control strategy can be described as
follows: the TCLC part is controlled to balance active power and compensate
reactive power, while the active inverter part aims to compensate harmonic current.
The equivalent fundamental circuit models of the TCLC-HAPF for power analysis
are illustrated in Fig. 5.2, where the subscripts ‘/* denotes the fundamental fre-
quency component. In this chapter, Vs and V. are assumed to be pure sinusoidal
without harmonic components (V,= Vs = V.p for simplicity.

Figure 5.2 is used to calculate the required impedances and the corresponding
firing angles for each phase of the TCLC part in order to balance and compensate
active and reactive power. In Fig. 5.2a, the active inverter can be treated as a
controlled voltage source, and the required fundamental inverter voltage (Vi)
depends on the TCLC impedance [19-22]. If the TCLC impedance is perfectly
matched with the load impedance, then the required V,,,r can be equal to zero. In
this chapter, it is assumed that the TCLC is controlled to be perfectly matched with
the loading to simplify the following analysis, thus V= 0, then the required
TCLC impedance can be calculated based on Fig. 5.2b. In the following, the
proposed hybrid control strategy for the TCLC-HAPF under unbalanced loading
compensation will be presented and explained in three parts: Sect. 5.3.1: TCLC part
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Fig. 5.2 Equivalent fundamental circuit models of the TCLC-HAPF when: a Vj,,# 0 and
b Vinvxf: O

control strategy, which is based on the fundamental model in Fig. 5.2b, Sect. 5.3.2:
Active inverter part control strategy and Sect. 5.3.3: The overall hybrid controller
for TCLC-HAPF.

5.3.1 TCLC Part Control Strategy

From the mathematical analysis as shown in Appendix, it can be clearly illustrated
that the three-phase source active power can become balanced once the reactive
power is compensated. With this idea, the control target of the TCLC part is
dedicated to balance and compensate the fundamental active and reactive power via
the calculated required firing angles in this chapter. The firing angles are determined
by the required TCLC impedances (X X;rand X,z for compensation which can be
deduced by Ohm’s law. Referring to Fig. 5.2b, in order to obtain the required
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TCLC impedances (X, X, and Xy for each phase, the virtual common point (V,,0)
is calculated first. Then, the TCLC impedance of each phase can be obtained by
Xy = (Vi = Viplleys, x = a, b, ¢, where I..ris expressed in terms of each phase load
power and V.. After that, three independent firing angles oy, referenced to the phase
angle of the voltage drop (V, — V,,) across the TCLC can be obtained. Since the
control of the firing angles of the TCLC usually reference to the phase angle of the
load voltage V. of each phase, an angle transformation process is required and also
proposed in this chapter.

Based on the above discussion, there are three steps to find the final firing angles
o, for controlling the TCLC, namely: Sect. 5.3.1.1: Calculation of V,,; Sect. 5.3.1.2
Obtain the impedances of X, X5 and X and Sect. 5.3.1.3 find the final firing
angles o, for each phase referenced to the phase angle of V.. In addition, a case
study is provided in Appendix to verify the proposed TCLC control method.

5.3.1.1 Calculation of V,

Based on Fig. 5.2b, the sum of the compensating current can be obtained by
applying the Kirchhoff’s circuit laws (KCL) as:

— — —

— —
Va - an Vb - an c an
JXar JXor JXer

<l

— — —
I cuf+ I cbf+ I cef — =0 (51)

— — — .
where [ ¢4, I ¢ and I . are vector forms of fundamental compensating current.

- = — —
Va Vi and V. are the vector forms of load voltage. From (5.1), V,, can be
obtained as:

- Xpr - Xor — Xop - Xof —
14 nf — -V at .
Xaf Xof + XppXep + Xop Xog Xaf X + XppXep + XopXog (52)
Xaf -be ) V} ’
Ko Xo + Xy Xep + Xep Xog

With the expression of 7,#, the TCLC impedances can be obtained by Ohm’s
law as discussed in the next section.

5.3.1.2 Obtain the Impedance of X, X, and X,

From (5.1) and (5.2), the relationship among the phase compensating current Tcxf,

load voltage VX and coupling impedances X, can be expressed as:
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T : -1 — —
I o (JXaf) 0 0 Va—=Vu
— . -1 — —
Loy | = 0 (7Xer) 0 Vip— Vi
— . ~1 — —
[ o 0 0 (iXer) Ve—=Vur
. ) .X,, . X, 53
(Rt ja o - (53)
a
. X, X+ X, - Xg
— | A () v,
R I

where 7nf can be obtained from (5.2) and m = X Xpr + XppXop + Xop Xy
The compensating apparent power S, can be defined as:
= -k . — o
Sex= Pext jOex= V- I .y Where I . 1s the conjugate of I .y. Modifying S,
equation, the expression of the phase compensating current can be given as:

Tur] | (PatiC)/ V)
Zcbf = ((Pcb +ch-b)/V)b) (5.4)
Pea I | ((Preti€ea)/ Vo)

where the note “*” denotes the conjugate complex numbers. 7,1 is set to be the
reference phasor, so V,=V.L0°, V= Vil — 120° and V, = V,/120°, where
1£—120° = —1/2 —jV/3/2 and 1£120° = —1/2+jy/3 /2, V; is the root mean

square (RMS) value of load voltage which can be obtained in real time as V, =

||vL||/\/§ =2+ +v§/\/§ [1]. Q.. and P., are the compensating reactive

power and active power. Theoretically, after compensation, the source reactive
power should become zero and the source active power should all be equal to
(Pra+ Prp, +Pr.)/3. Therefore, the reactive power and active power generated/
absorbed by the TCLC part can be expressed as:

(5.5)

PLa +PLb +PLc
Qci = —Qpc and Pey = — (Plx -

3

where x = a, b, ¢, Q.. and Oy, are the compensating and load reactive power, and
P, and Py, are the compensating and load active power. Combining (5.1)—(5.5), the
relationship between TCLC impedances and load power can be deduced as:

Xaf/m (Qca - ch - Qcc)/?":/)?
be/m = (ch = Qca — Qu)/S‘_/x2 (56)
ch/m (Qcc - ch - QCLI)/3VX2
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where m = X Xpr + Xpr Xor + XXy Further simplifying (5.6), the coupling
impedances X,;, X, and X, can be obtained as:

3-V2(0re—01—01a) (O~ 01a—01c) ™

Xof (QLC*QLbfiQLa)il + (Qm*QLbTQu)il + (QLIJ*QLI«*QLL-Yl

Xy | = 3-V2(QLe—01p—01a) " (Qra—Qu—01c)~ (5.7)
! (Qr—015—01a) "+ (Qra—01s—010) "+ (Qis—Cra010) !

XCf 3-V2(Qre—Q1p—01) " (Q1p—0ra— Q1) !

(01e=016—01a) ™" + (01a=01—01c) " + (Qp—01a—0rc)

From (5.6), the TCLC impedances are expressed in terms of the phase load
reactive power Q;, and RMS voltage of phase load voltage V.. Then, the TCLC
impedances are used to find the firing angles to control the TCLC part, which will
be discussed in the following part.

5.3.1.3 Find the Final Firing Angles «, Referenced to the Phase Angle
of V,

The impedance of the TCLC part can be considered as the X;, connected in series
with the combination of X, in parallel with a thyristor controlled reactance
(TCR) Xrcr(og,y) (= m - X1,r). Therefore, the expression of the TCLC

impedances (X, Xp,rand X in terms of passive components and firing angles ()
referenced to the phase angle of voltage across TCLC (V, — V,,0) is shown as:

X1 pp XCpp
Xar (00 a) Xcpp 2n—200,4 + Sin(200 )]~ X, + X1,
’ — "X 1pp XCpp
be(“o,b) | Xepp [2m—2005 + sin(200,5)| X1 +Xi, (58)
XC.'f(O(OW) ™XippXcpp +X;

Xcpp 2200, + sin(2ag )] —nXLpp

where X; , Xc,, and X;,, are the impedances of the coupling inductor, the TCLC
capacitor and inductor, respectively (5.8) has a term of —20, .+ sin(20y,) and it
does not have a closed-form solution. Therefore, a look up table (LUT) has been
implemented into the controller for performing simulations and experiments. Once
the required coupling impedance X, ) is obtained from (5.7), the pre-calculated
firing angle «, , can be extracted based on the LUT of (5.8). As the control of the
firing angles of the TCLC are usually referenced to the phase angle of the load
voltage V, of each phase, an angle transformation process is required and proposed
in the following.

Figure 5.3 shows the angle relationship between the phase angle of the load

voltage 7,6 and the phase angle of the voltage across TCLC (V, — V). From
Fig. 5.3, there will be an angle difference for each phase between that of the load
voltage V, and that of voltage across TCLC (V, — V,), thus the above calculated
firing angles o, should have angle transformation if the control of the TCLC firing
angles is referenced to the load voltage.
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Fig. 5.3 Phasor diagram of

load voltage VX and the
TCLC impedance voltage
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To keep the same impedance X, in part 5.3.1.2, an angle transformation process
is required in order to obtain the final firing angle o, referenced to the phase angle
of the load voltage V.. The final firing angles o, can be obtained as:

o7 00,a ®q
Op | = | %p | — | Pp (5 .9)
O OC0.,c ¢c

where the phase angle ¢, is the phase angle of the voltage across TCLC. And ¢,
can be calculated from the expression of an in (5.2) as:

1 Xy-X,
tan '(—’ L )

?, V3(Xpr + Xor)
_ —1 [ X=Xy
o, | = | tan (ﬁ(xwxnf)) (5.10)
Q. -1 ( Xy —Xor )
t [ — A—
an V3(Xer + X)) 1 gan-t 0€[—90°,90°]

Based on (5.7)—(5.10), the final firing angle «, can be obtained in terms of phase
load reactive power, load voltage and the passive component values of the TCLC.
The phase load reactive power can be obtained with the help of single phase pg
theory [23] and low pass filters (LPFs).

The trigger signals to control the TCLC part are generated by comparing the
calculated o, in (5.9) with the phase angle of the load voltage 0,, which is
instantaneously measured by the phase lock loop (PLL). The TCLC part has two
back-to-back connected thyristors 7, and T, for each phase, and they are triggered
alternately in every half cycle. When 0,> a,, the gate pulse for thyristor 7,; can be
generated. On the other hand, when 0,< 180° — «,, the gate pulse for thyristor Ty,
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can be generated. In addition, the thyristors can turn on immediately when there is a
trigger signal, while they can be turned off when the inductor current goes to zero.
A case study is included in Appendix to verify the above analysis.

5.3.2 The Active Inverter Part Control Strategy

If only the TCLC part control is used, the harmonic current cannot be eliminated
satisfactory. The purpose of the active inverter part is to instantaneously control the
compensating current to track its reference, so that it can compensate the load
harmonic current and significantly improve the compensation ability and dynamic
performance of the TCLC part. In the following, the active inverter part control can
be discussed in three parts: Instantaneous power compensation control
(Sect. 5.3.2.1), the dc-link voltage control (Sect. 5.3.2.2) and current PWM control
(Sect. 5.3.2.3).

5.3.2.1 Instantaneous Power Compensation Control

As the instantaneous power theory [1] is valid for unbalanced three-phase systems,
it is chosen to calculate the reference compensating current i, The calculated
icxref cONtains the harmonics, reactive power, unbalanced power and the DC-link
voltage regulating components. By controlling the compensating current i, to its
reference i the active inverter part can compensate the load harmonic current,
improve the reactive power compensation ability and dynamic performance of the
TCLC part and also regulate the DC-link voltage to its reference value. The i.y.r
can be calculated through the well-known instantaneous p-q theory [1] as:

icaref 1 0 ~

lcbref | = \/% : ﬁ -1/2 V3/2 |- [:x vv/;] : {Z”ﬁigﬁp] (5.11)
iceref P Bl —1/2 _\/§/2 B o af q

where the dc,, and dc, are the active and reactive components for DC-link voltage
regulation. And the discussions of dc,, and dc, are provided in Sect. 5.3.2.2. p,3 and
¢ 1s the instantaneous active and reactive power which include dc components p,z
and g,p, and ac components p,g and g,4. P,p and g, contain the fundamental active
and reactive current components respectively, while p,g and g, contain harmonic
current and negative sequence components. p,g is obtained by passing p,s through a
high pass filter (HPF). p,s and g, can be obtained as:

sl e
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In (5.11) and (5.12), the voltage (v, and vp) and current (i, and ig) in oo — f§ plane
are transformed from a—b—c frames by:

Va

I P AR A
o (5.13)
AR AN

where v, and i, are load voltage and current signals.

5.3.2.2 The DC-Link Voltage Control

The active inverter part can effectively control the DC-link voltage by feeding back
the DC voltage controlled signals which include both reactive and active compo-
nents (dc,, dc,) [19-22] as shown in Fig. 5.4.

qu = —kq . (VDCref — VDC) (514)
de = kp . (VDCref — Vpc) (515)

In (5.14) and (5.15), k, and k,, are the proportional gains of the DC-link voltage
controller. Through the directly hysteresis band control, dc, can be used to step change
the DC-link voltage during the start-up process, while dc,, can be used to maintain the
DC-link voltage level due to system loss. With the help of the three-phase instanta-
neous p-g theory [1] and the terms of dc, and dc,,, the DC-link voltage V¢ can track its
reference Vpc,.r by transforming the DC voltage control signals into reference com-
pensating current through the above (5.11). Notice that the DC-link control block
requires a small amount of active power to maintain DC-link voltage at its reference
value. The active power for maintaining DC-link voltage is taken equally from three
phases, and it is relatively small comparing with the compensating one, so that it will
not affect the unbalanced loading compensation of the TCLC part.

5.3.2.3 Current PWM Control

The final reference and actual compensating current i, and i, will be sent to the
PWM control, and then PWM trigger signals for controlling the active inverter
switching devices can be generated. The PWM method such as: triangular
carrier-based sinusoid PWM or hysteresis PWM can be applied. In this chapter the
hysteresis current PWM [24] is selected due to its advantages of fast response, ease
of implementation and good current limiting capability, etc.
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Fig. 5.4 Proposed hybrid control block diagram for the TCLC-HAPF under unbalanced loads
compensation

5.3.3 The Proposed Hybrid Controller for TCLC-HAPF

Based on the above discussions, the proposed hybrid control block diagram for the
TCLC-HAPF under unbalanced loads compensation is shown in Fig. 5.4. It con-
sists of five main control blocks: the TCLC part control block (discussed in
Sect. 5.3.1), the instantaneous power compensation control block (discussed in
Sect. 5.3.2.1), the dc-link control block (discussed in Sect. 5.3.2.2) and the current
PWM control block (discussed in Sect. 5.3.2.3).

In the following, simulation and experimental results of the proposed control
strategy will be presented in comparison with the state-of-the-art control strategy in
[18] in order to verify its effectiveness and superior compensating performances
under unbalanced loading condition.
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5.4 Simulation and Experimental Results

In this section, simulation and experimental results of the proposed TCLC-HAPF
control strategy under unbalanced loading conditions will be presented and dis-
cussed in comparison with the results of the state-of-the-art control method in [18],
in which the same DC-link voltage is applied to both of them. An 110 V-5 kVA
three-phase three-wire TCLC-HAPF experimental prototype is designed and con-
structed in the laboratory. The simulations are carried out by using PSCAD/
EMTDC. In addition, with reference to the IEEE standard 519-2014 [26], the Total
Demand Distortion (TDD) = 15% with Ig~/I; is in 100 < 1000 scale (for 110 V-
5 kVA experimental prototype). The nominal rate current is assumed to be equal to
the fundamental load current in the worst case, which results in
THD = TDD = 15%. Therefore, this chapter focuses on a THD below 15%.

Figures 5.5 and 5.6 (simulation results) and Figs. 5.7 and 5.8 (experimental
results) illustrate the waveforms of source current, load current, compensating
current, capacitor (Cpp) current, inductor (Lpr) current and dc-link voltage, source
reactive and active power before and after compensation using the state-of-the-art
control method [18] and the proposed control method. Figures 5.9 and 5.10 (sim-
ulation results) and Figs. 5.11 and 5.12 (experimental results) demonstrate the
source current spectrums and phasor diagrams of source voltage and current before
and after the state-of-the-art control method [18] and the proposed control method.
For each harmonic order of the current spectrum as in Fig. 5.11, the three bars from
left to right represent phase a, b and c, respectively. Moreover, Tables 5.1 and 5.2
summarize all the simulation and experimental results shown in the aforementioned
figures.

By using the control method in [18], the simulated and experimental system
source power factors (PFs) have been compensated to 0.93 and 0.95 (showing
worst phase) respectively as shown in Figs. 5.5 and 5.7, Tables 5.1 and 5.2. From
Figs. 5.5b—c and 5.7b—c, the source reactive power are compensated to 160, 9 and
237 var in the simulations and 130, 70 and 120 var in the experiments. Besides, the
simulated source active power (483, 662 and 698 W) and experimental source
active power (510, 680 and 690 W) are not balanced after compensations.
Moreover, from Figs. 5.9b and 5.11b, Tables 5.1 and 5.2, the simulated and
experimental source current THD are compensated to 22.5 and 18.9% (showing
worst phase) respectively. From Figs. 5.10b and 5.12b, it can be seen that source
voltage and current are not in phase (especially for phases a and c¢). In addition, as
shown in Tables 5.1 and 5.2, the simulated and experimental source current
unbalanced factor (UBIys) is 33.9 and 32.4% respectively after compensation. From
Figs. 5.5 and 5.7, Figs. 5.9, 5.10, 5.11 and 5.12, Tables 5.1 and 5.2, it is proved
that the state-of-the-art control method [18] cannot balance the source current and
provide good compensation performance with the small rating active inverter part
under unbalanced loading condition.

By applying the proposed control method, the simulated and experimental
system source power factors (PFs) have been compensated to 0.99 or above in both
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Fig. 5.5 Simulation results of dynamic performance by using the state-of-the-art control method
[18] before and after compensation: a source current, compensating current, capacitor (Cpr)
current, inductor (Lpf) current and dc-link voltage, b source reactive power and ¢ source active
power
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Fig. 5.6 Simulation results of dynamic performance by using the proposed control method before
and after compensation: a source current, compensating current, capacitor (Cpp) current, inductor
(Lpp)current and de-link voltage, b source reactive power and ¢ source active power
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Fig. 5.7 Experimental results of dynamic performance by using the state-of-the-art control method
[18] before and after compensation: a source current, compensating current, capacitor (Cpr) current,
inductor (Lpr) current and dc-link voltage, b source reactive power and ¢ source active power
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Fig. 5.9 Simulated source current spectrums of phase a a before compensation, b after

state-of-the-art control method compensation [18] and ¢ after the proposed control method
compensation
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Fig. 5.10 Simulated phasor diagrams of source voltage and current a before compensation,

b after the state-of-the-art control method compensation [18] and ¢ after the proposed control
method compensation
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Fig. 5.11 Experimental source current spectrums a before compensation, b after the

state-of-the-art control method compensation [18] and ¢ after the proposed control method
compensation

the simulations and the experiments, as shown in Figs. 5.6 and 5.8, and Tables 5.1
and 5.2, Figs. 5.6b—c and 5.8b—c illustrate that the three-phase simulated and
experimental source reactive power have been compensated to close to zero and the
source active power are approximately balanced after compensation. Moreover,
from Fig. 5.9c and Fig. 5.11c and Tables 5.1 and 5.2, the simulated and experi-
mental source current THD have been compensated to 5.5 and 10.5% (showing
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Fig. 5.12 Experimental phasor diagrams of source voltage and current a before compensation,
b after the state-of-the-art control method compensation [18] and ¢ after the proposed control
method compensation

Table 5.1 Simulation results before and after TCLC-HAPF compensation by using the
state-of-the-art control method [18] and the proposed method

isef Osx P, PF THD;, UBls Vbe
(A) (Var) (W) (%) (%) V)
Before Comp. |A | 6.3 489 450 0.68 [27.8 26.0 -
B |63 290 600 090 |[27.7
Cc |81 515 703 0.80 |[21.5
Control A |48 160 483 094 |225 33.9 60
method [18] B |61 9 662 099 [222
C |68 237 698 094 [11.6
Proposed A |55 6 608 0.99 5.2 0.1 60
method B |55 2 603 099 | 4.8
Cc |55 -5 609 099 | 55

Table 5.2 Experimental results before and after TCLC-HAPF compensation by using the
state-of-the-art control method [18] and the proposed method

i Oy P, PF | THD,, UBIys Voe
(A) (Var) (W) (%) (%) V)
Before Comp. A |61 510 420 0.63 |22.7 29.4 -
B |62 290 610 089 |[224
Cc |81 540 670 0.78 | 145
Control A |49 130 510 095 |18.9 324 60
method [18] B |59 70 680 098 133
C |68 120 690 097 |14.6
Proposed A |56 50 620 099 | 9.4 3.6 60
method B |55 50 610 0.99 [10.5
Cc |57 40 610 099 |[10.5
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worst phase) respectively. From Figs. 5.10c and 5.12c, it can be seen that source
voltage and current are in phase for all three phases. In addition, as shown in
Tables 5.1 and 5.2, the simulated and experimental source current unbalance factor
(UBly) is significantly reduced to 0.1 and 3.6% (from 26.0 and 29.4%) after
compensation. From Figs. 5.5, 5.7 and Figs. 5.9, 5.10, 5.11 and 5.12, Tables 5.1
and 5.2, they prove that the proposed method can simultaneously and effectively
balance the source current and provide satisfactory reactive power and current
harmonics compensation performances with a small rating active inverter part under
unbalanced loading condition.

In addition, the simulation results are consistent with experimental results, which
clearly verify the effectiveness and viability of the proposed unbalanced control
strategy in comparison with the state-of-the-art one [18] for unbalanced loading
compensation.

5.5 Summary

In this chapter, a novel control strategy for a three-phase three-wire TCLC-HAPF is
proposed, which can maintain it operating with a small rating active inverter part
and at the same time it can balance the active power and compensate the reactive
power and harmonic current under unbalanced loading compensation. The design
idea and operation steps of the proposed hybrid controller for the TCLC-HAPF
under unbalanced loading is presented and discussed in details. Finally, simulation
and experimental results are given to verify the proposed control method in com-
parison with the state-of-the-art control method [18], which shows its superior
compensating performances under the unbalanced loading condition.

5.6 Appendix: Balancing Three-phase Fundamental
Active Power by Reactive power compensation

The mathematical analysis is provided to show how the active power can be
controlled to be balanced when the reactive power is compensated. Figure 5.13
shows the power flow analysis before TCLC-HAPF compensation.

The phase fundamental apparent power is defined as Sy, = Py + Qs = st .
T;‘ where the note “*” denotes the complex conjugate. In Fig. 5.13, the sum of
_)*

1

sy Can be expressed as [25]:

Tgaf—"_stf—"_T)scf: sa_} JQm + Ab_) ]QAb + .SL_).]QAL

A 0  (5.16)
Vsaf VSbf fof
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Fig. 5.13 Power flow analysis before compensation

where T.Wf, Ts;,f and Tscf are the fundamental source current phasors. me, V)xbf
and Vscf are the fundamental load voltage phasors. 7mf is set to be the reference
phasor, so me = Vs £0°, V‘Y;,f = VyZ —120° and 7scf = V¢ Z120°, where
1£-120° = —1/2 — jv/3/2 and 1/120° = —1/2+ jV/3/2, Vs is the root mean
square (rms) value of the source voltage. Simplifying (5.16), one can get:

(2P = Pis = V305 = Pic + V30, )

(5.17)
+J (2Qm - Qxb + \/gpxb - Qsc - ﬂpxc) =0
In (5.17), both real part and imaginary part needs to be zero. Thus,
2Py — Py _\/§ S, _P‘vc+\/§ se =0
b Osp 0 (5.18)

2Qsa - st + \/_S—Psb - Qsc - \/_3—Psc =0
If the source reactive power is compensated to be zero by the TCLC-HAPF as:
qu = st = Qsc =0 (519>

By substituting (5.19) into (5.18), the relationship of the three-phase source
active power can be obtained as:

Py, = Py, = Py (520)
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Based on the analysis of (5.17)—(5.20), it can be concluded that the source active
power can become balanced once the reactive power is compensated by the
TCLC-HAPF. This idea can also be verified by the case study provided in the
following.

In this case study, referring to Fig. 5.2b, the RMS value of load voltage is given
as: V, = 110 V, where V, = V,£0°, V), = V,/ — 120° and V. = V,£120°, and
the unbalanced phase load apparent power are assumed to be:

Pr,+jOra 233 +j438
Pry+jOrp | = | 363 +,203 (5.21)
PLC +jQLc 498 +]429

From (5.7) and (5.21), the required TCLC impedances for compensating the
above unbalanced loading can be obtained as:

3-V2-(Qre—0Q1s—0Qra) " (Q1p— 01— Q1) !

Xaf (QL('_QLb_igLa)il + (QL(/_QU:TQL(')7] + (QLZJ_QiL]a_QLz')?] —22.75
be — 3‘V;‘(thl'_QLb_QLa) ‘(QLui—]Qu;—QLc) - — —7758
X (Q1c=01p—01a)” +(Qra—01p—01c)” + (Qrv—0ra—01e) 24.62
o 3-V2(Qra—Q1p—0Qrc) " (Q1p—01a— Q1) e

(QLe—01p—010) "+ (Qra—015—01e) " + (Q1s—01a—0rc) !
(5.22)

With the obtained TCLC impedances above, the final firing angles can be found
through (5.8)—(5.10) as:

Oy 00 4 P, 145.4° —16.6° 162.0°
o | = %p | — @y | = [1223°| — | =1.7° | = | 124.0° (5.23)
o 00, Q. 141.8° 17.6° 124.2°

Then the corresponding source active power P,, and reactive power O, after
TCLC compensation can be calculated by using the above X,; X, and X, values or
simulated by using o, o, and ¢, which will be discussed in the following. If the
conditions: Py,= Py= P,. and Q,,= Ou= Q= 0 are satisfied, it means that TCLC
part can balance the active power and compensate reactive power of the unbalanced
loading in (5.21). Thus, the validity of the proposed method can be verified.

With the required TCLC impedances in (5.22), load voltage Vx and the help of

R
(5.3), the compensating current I .,s can be calculated as:
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o [—j(RetX) JX

-
{ caf .X:: Xy + Xy .)Z,lf K)‘l
chf = I - m Jm Vi
I Il
[ 4.16/72.98°
= | 1.88£—30.72° (5.24)
| 4.144 — 133.35°
X“f
Xa/m Xop Xop +Xpp Xep + X Xop 5.37 x 1073
where | X,/m | = WM = |18.32x 1073
Xc/m Xy 5.81 x 1072
XorXop + XopXop + Xy Xog
The phase load current ?fo can be calculated as:
(Pua+iu) [V
N
I L tarIalf Ta] 451/ —61.93
Ty | = [(PLb 0w / vb} = | 3.76£ — 149.50° (5.25)
7 * 5.99/79.14°
I Lef |:(PLC +]QLC)/V>C]

From (5.24) and (5.25), the source current after TCLC compensation can be
calculated as:

— — —

T s T L T e 3.3440°

— — — o

Tup | = | Tuy |+ | Ty | = | 3342 - 120 (5.26)
- 7 T 3.34/120°

I scf 1 Lef I ccf

Moreover, the active power and reactive power at source side can be calculated
as:

— %
Py +jOsa _‘)/a I_Y)Lif 367 +j0
Py +jQuw | = | V- Ty | = [367+0 (5.27)
PetiOe] |v .7 | L3674
¢ scf

In (5.27), as Py,= Pg= Py and Q= Q.= Os= 0, it can be clearly shown that
the calculated TCLC impedances in Fig. 5.14 can balance and compensate the
active and reactive power. Moreover, under unbalanced loading as shown in (5.21),
Fig. 5.14 shows the simulated Q;, and P, before and after compensation by
applying the proposed TCLC control method with the firing angles o, obtained in
(5.24). In Fig. 5.14, O, have been compensated to zero while P, are balanced after
the TCLC compensation. Besides, the simulation results are consistent with the
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Fig. 5.14 Simulated source reactive power Q. and active power P, before and after TCLC
compensation: a Oy, and b P,

theoretical results. Therefore, from the results shown in (5.27) and Fig. 5.14 of the
case study, it can be verified that the proposed TCLC control method can balance
active power and compensate reactive power.
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Chapter 6 )
Minimizing Inverter Capacity Design pas
and Comparative Performance

Evaluation of Static Var Compensator
Coupling Hybrid Active Power Filters
(SVC-HAPFs)

Abstract The static var compensator (SVC) coupling hybrid active power filters
(SVC-HAPFs) which consist of a SVC part and an active inverter part have been
proposed for power quality compensation recently. The cost of SVC part is much
lower than that of active inverter part, thus the reduction of power rating ratio
between the active inverter part and SVC part can lead to a decrease in the total cost
of SVC-HAPF. However, the SVC-HAPF with too low inverter capacity may fail to
perform satisfactory compensation. In this chapter, minimizing inverter capacity
design and comparative performance evaluation study of different SVC-HAPFs are
proposed. At first, the power rating ratio analysis between the active inverter part
and SVC part is proposed. With different SVC parts consideration, the required
active inverter capacity of SVC-HAPFs is deduced and analyzed. Finally, simu-
lation and laboratory-scaled experimental results are presented to show and verify
the performance and the deduced required active inverter capacity of different
SVC-HAPFs. Through minimizing inverter capacity design, simulation and
experimental result evaluations, a SVC-HAPF structure is recommended for better
compensation performance with low inverter capacity.

Keywords Power quality - Static var compensator (SVC) - Hybrid active power
filter (HAPF) - Compensation range - Low DC-link voltage - Inverter capacity

6.1 Introduction

The fixed capacitors and thyristor-controlled reactor (FC-TCR) and thyristor con-
trolled LC (TCLC) as two types of static var compensator (SVC) structures can be
used in SVC coupling hybrid active power filters (SVC-HAPFs) for power quality
compensation. Thus, the SVC-HAPFs are named as FC-TCR-HAPF and
TCLC-HAPF, respectively for further study in this chapter. The cost of SVC part is
much lower than that of active inverter part (shown in Fig. 2.4 in Sect. 2.4.2), thus,
the reduction of power rating ratio between the active inverter part and SVC part

© Springer Nature Singapore Pte Ltd. 2019 129
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can lead to a decrease in the total cost of SVC-HAPF. However, the SVC-HAPF
with low inverter capacity may fall to perform satisfactory results. Therefore, the
minimizing inverter capacity design and comparative performance evaluation of
FC-TCR-HAPF and TCLC-HAPF have been proposed and discussed in this
chapter.

As the cost of active inverter part is usually much higher than passive part and
SVC part [1], researchers have proposed different structures and design methods to
reduce the power rating of the active inverter part [1-6]. Lam et al. [2] deduced and
analyzed minimum DC-link voltage of active power filters (APFs) for reactive
power and current harmonics compensation. However, due to the inherent limita-
tion of APFs, the required minimum DC-link voltage still need to maintain at high
voltage level (larger than source voltage). The similar minimum DC-link voltage
analysis idea in [2] has also implemented in LC-coupling hybrid active power filters
(LC-HAPFs) to develop an adaptive DC voltage control strategy [3, 4]. Beside of
those DC-link voltage analysis methods, researches in [4] also suggest to add a
tuned coupling neutral inductor to further reduce DC-link voltage of the LC-HAPF.
Moreover, in high-speed co-phase traction power supply system, the parameter
design procedures of hybrid power quality conditioner (HPQC) has been explored
in [5] for minimum DC-link voltage operation. Unfortunately, even though mini-
mizing the DC-link operating voltage can lower the system initial cost, switching
loss and switching noise, this action for both LC-HAPFs and HPQC leads to further
reduce the originally narrow compensation range. To keep a wide compensation
range and low active inverter rating simultaneously, the combined systems of SVC
in parallel with APF (SVC//APF) [7], SVC in parallel with HAPF (SVC//HAPF) [8,
10], SVC-HAPF [11, 12] have been introduced. However, the minimizing inverter
capacity design and the design of power rating ratio between the active inverter part
and SVC part have not been presented in [7—12]. As the cost and control com-
plexity of the SVC-HAPFs [11, 12] are the lowest and simplest among SVC//APF
and SVC//HAPF, the SVC-HAPF has large potential to further develop.

In the existing literatures [11, 12], the required DC-link voltage for harmonic
compensation has not been discussed and included, in which both harmonic current
portions injected by SVC and nonlinear loading should actually be taken into
consideration. Due to the limitations among the existing literatures [11, 12], this
chapter aims to:

e reduce the overall SVC-HAPF cost by appropriately design the power rating
ratio between active inverter part and SVC part through mathematical analysis;

e propose a minimizing DC-link voltage (inverter capacity) design for
SVC-HAPFs reactive power and harmonic current compensation generated by
nonlinear load and SVC part in comparison among different SVC parts;

e provide representative simulation (10 kV-5 MVA) and laboratory-scaled
experimental (110 V=5 kVA) results to evaluate and verify the performance
and the deduced active inverter capacity of different SVC-HAPFs.



6.1 Introduction 131

In this chapter, the system configuration and modeling of the SVC-HAPFs are
introduced in Sect. 6.2. In Sect. 6.3, the parameter design and characteristics of
different coupling SVC parts of SVC-HAPFs are studied and analyzed. Then, the
power rating ratio (R_,,,) between active inverter part and SVC part, and also the
required minimum DC-link voltage (Vpc ) of different SVC-HAPFs are deduced.
Finally, simulation (Sect. 6.4) and experimental results (Sect. 6.5) are provided to
evaluate and verify the performance and the deduced active inverter capacity of
different SVC-HAPFs. And, a SVC-HAPF structure is also recommended for better
compensation performance with low inverter capacity.

6.2 Circuit Configuration and Modeling of SVC-HAPFs

The three-phase three-wire SVC-HAPFs are given in Fig. 6.1. For the below
analysis, the subscript ‘x” denotes phase x = a, b, c. vgy, v, and v;,,, are the system
voltage, load voltage and inverter output voltage respectively. L is the system
inductance. i, iz, and i., are the source, load and compensating current respec-
tively. Cpc and V¢ 4, are DC-link capacitor and DC-link voltage. The SVC part
can be FC-TCR or thyristor controlled-LC (TCLC). Thus, the SVC-HAPFs are
named as FC-TCR-HAPF and TCLC-HAPF to differentiate them in the following
discussions. For the FC-TCR, Lycg and Crc are the inductor of TCR and capacitor
of FC. For TCLC part, L. is the coupling inductor, Lpr is the TCLC inductor and
Cpr is the TCLC capacitor.

Isa ILa A

isb iLp

Vsc icc iLc c _

SvC SvC svc

Fig. 6.1 The three-phase three-wire SVC-HAPFs
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Fig. 6.2 Equivalent circuit models of the SVC-HAPFs: a fundamental frequency model and
b harmonic frequency model

Among them, the one with both the low inverter capacity and better compen-
sation performance will be selected as the recommended SVC-HAPF structure. The
equivalent fundamental and harmonic frequency circuit models of SVC-HAPF are
shown in Fig. 6.2. In fundamental frequency model (Fig. 6.2a), the purpose of SVC
part (FC-TCR or TCLC) of SVC-HAPF is used to dynamically compensate the
fundamental reactive power of the loading by controlling their firing angle. In
harmonic frequency model (Fig. 6.2b), the small rating active inverter part is used
to enlarge the reactive power compensation range and compensate the harmonic
current which includes the self-harmonic injection current by SVC (/;,,) and the
loading harmonic current (1,,,).

6.3 Ratio of Phase Active Inverter Rating and SVC Part
Rating and Required Minimum DC-Link Voltage

Based on Fig. 6.1, the ratio of phase active inverter part and SVC part (S;,,/Ssvcy)
can be expressed as:

Sinvx _ Vinvx 'ch _ Vinvx

Rio = = =
Ssvex Vsver Iex - Vsver

(6.1)

where S;,,, and Sgyc, are the phase ratings of active inverter part and SVC part,
Vinvx and Vgyc, are phase root mean square (rms) voltage of active inverter part and
SVC part, I, is the phase rms compensating current. And the required phase
DC-link voltage Vpc can be expressed as:

VDC_tot = \/6 : Vinvx (62)
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Based on the models in Fig. 6.2a and b, the current passing through the
SVC-HAPFs include both fundamental and harmonic components. Therefore, the
Vsver and Vi, in (6.1) and (6.2) can be expressed as:

00 00
VSVCX = \/V.ng(lxl + Z VSZ'Van = \/(XSVCI cxl + Z XSVCn . cxn 2 (63)
n=2 n=2

n=2

2
Vinvx = \/ invxl + Z invxn — \/ invxl + Z XSVCn 'chn) (64)

Based on (6.3) and (6.4), the R,,, and V¢ 4, also can be expressed in fundamental
and harmonic components as:

2 o0 2
Rt .= Vinvxl + Zn:Z Vinvxn + R
ot — 2 0 2 2 00 2 tozl § : totn
Viven + 2onea Vsvewm  Vivea T 2ne VSVan

(6.5)

0o
Ve _ior = \/ mml +6- Z invxn — \/VI%C_totl + Z Vl2)C_mrn (66)

n=2

In above (6.1)—(6.6), the subscript ‘n’ stands for the fundamental (n = 1) and
harmonic (n > 2) frequency components respectively. Xsyc; and Xgyc, are the
impedance of SVC part at fundamental and each harmonic frequency order. Vi,
and V;,,., are the fundamental and each harmonic inverter output voltage, /.,; and
I.., are the fundamental and each harmonic compensating current, where I,
includes two parts: I, represents the self-harmonic injection current components
by SVC and I;,, represents the loading harmonic current components. R,,,; and
Vbc ior1> and Ry, and Vipe 404, are the fundamental and harmonic components of
power rating ratio R,,, and DC-link voltage of V¢ ;. respectively. In the following
analysis, the R,,, in (6.5) and Vpc 4, in (6.6) will be deduced, compared and
discussed in following parts:

e In Sect. 6.3.1, the parameter design and characteristics of FC-TCR and TCLC
(Xsvcr and Xgyc,) will be proposed and discussed;

e In Sect. 6.3.2, the fundamental components (R,,;; and Vpc ;1) of R ,,; and
Vbc _ror are deduced;

e In Sect. 6.3.3, the harmonic components (R,,,, and Vpc som) of Ry, and Vpe o0
are obtained;

e In Sect. 6.3.4, the required R,,, and Vpc ,,, are deduced and discussed;

e In Sect. 6.3.5, a summary is drawn.
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6.3.1 The Parameter Design and Characteristics
of FC-TCR and TCLC

Referred to Fig. 6.1, the expressions of the impedance of FC-TCR (Xpc.rcrn)
and TCLC (Xrcrc.) at fundamental (n = 1) and harmonic frequency order
(n=2,3,4 ...) can be given as:

n(nwLgc)
e nem(a) = 6.7
ro-rcma(2) (21 — 200+ sin 20) — 7(nw) - LrcrCre 67
n(nwLpr)
Xrenen (o) = + nowlL, 6.8
rcron(2t) (21 — 20+ sin20) — 7(nw)> - LppCpr (6.8)

where o is the firing angle, w = 2xnf, f is the fundamental frequency. In the fol-
lowing, FC-TCR and two different designs of TCLC with zero harmonic impedance
point at around 3.7th harmonic order (Xyc;c(n =~ 3.7) = 0) and the dominant 5th
harmonic order (X7¢czc(n = 5) = 0) will be discussed.

At the fundamental frequency as shown in Fig. 6.2a, the compensating reactive
power of SVC part can be obtained with assuming the V;,,; = 0, and the deduction
of V,,,1 are included in Sect. 6.3.2. Therefore, the Q.. syc can be expressed as:

2
Vxl

Xsver () (6.9)

Ocx_sve =

where V,; is rms value of fundamental load voltage, Xsyc; for FC-TCR and TCLC
can be obtained from (6.7) and (6.8) with n = 1. From Fig. 6.1, the SVC parts
(FC-TCR and TCLC) have two back-to-back connected thyristors 7, and T, for
each phase, and they are triggered alternately in every half cycle. When both
thyristors T, and T\, for each phase are turned off for the whole fundamental period
(firing angle o = 180°), the SVC part provides the maximum capacitive compen-
sating reactive power for load inductive reactive power compensation Q.. syc
MaxCap) (= ~OrxMaxina))- On the other hand, when one of the thyristors (7, and
T,,) is turned on for half of the fundamental period (firing angle « = 90°), the SVC
part provides the maximum inductive reactive power Q.. svcaaxingy (= —Orx
(MaxCap))- The Lycg and Cre of FC-TCR part, and Lpyr and Cpp of TCLC part are
mainly used to cover the entire reactive power compensation range. Therefore,
based on (6.7)-(6.9) the Lycg and Cpc for FC-TCR part, Lpr and Cpy of TCLC part
can be designed as:

QLX(MaxInd )

6.10
wq - Vx21 ( )

Crc = —
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V2
Lrer = xl 6.11
o Or(MaxCap) + 0} - V2 - Cpr (6.11)
Cpp = . QLx(MaxInd) . (612)
w7y - QLx(MaxInd) . Lc — g - Vxl
V2 —w Lc axCa,
Lop — o1 — O1LcQ1x(Maxcap) (6.13)

o1+ Ore(Maxcap) — @3 * Le - Cpr - Qra(mancap) + @1 - V2 - Cpr

where O xmaxinay a0d Ofx(maxcapy are the load maximum inductive and capacitive
reactive power, respectively.

The purposes of L. are (a) to filter out the current ripple caused by the power
switches of active inverter part and (b) to determine the zero harmonic impedance
point (Xrcrc(n) = 0), which can easily affect the required R,,, in (6.5) and Vp¢ 4, in
(6.6). For the (a) purpose, the value of the L. can be designed as:

VDC tot
L.>———F 6.14
B 8 'fv : AiLL.max ( )

where f; is the switching frequency of active inverter, Aij mx is the maximum
allowed output current ripple value. In the following, two different designs of
TCLC part with zero harmonic impedance point around 3.7th harmonic order
(Xrcrc(n = 3.7) = 0) and the dominant harmonic order 5th harmonic order
Xrcrc(n = 5) = 0) will be discussed. Based on (6.7) and (6.8) and the system
parameters as shown in Table 6.1, the impedances of FC-TCR part and TCLC part
versus with harmonic order and firing angle can be plotted as shown in Fig. 6.3.

The load harmonic spectrum usually has the characteristic of high harmonic
current amplitude at low harmonic order, and decreasing amplitude with increasing
harmonic order. From (6.2) and (6.4), the required inverter voltage V;,, or DC-link
voltage Vpc or of SVC-HAPFs is proportional to the SVC part harmonic impe-
dance Xgyc,.

According to Fig. 6.3a, (6.2) and (6.3), the Xsyc, = Xrc.7crn can provide low
impedance for harmonic current, which can reduce the required Vpc . However,
the FC-TCR does not have an L. to filter out the switching noise generated by active
inverter part, so that the current tracking ability can be low and the switching noise
can easily inject into the power grid to deteriorate the compensation performance.

Table 6.1 System parameters of power grid and SVC-HAPFs

Parameters Physical values
Power grid Ve fy Lg 10 kV, 50 Hz, 0.5 mH
FC-TCR-HAPF Lrcr, Cre 30 mH, 160 pF
TCLC-HAPF (X7cpc(n = 3.7) = 0) L., Lpr, Cpp 5 mH, 30 mH, 160 puF
TCLC-HAPF (X7cpc(n = 5) = 0) L., Lpp, Cpp 2.5 mH, 30 mH, 160 pF
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Fig. 6.3 The impedance of SVC part of SVC-HAPFs a FC-TCR impedance b TCLC impedance
with (X7crc(n =~ 3.7) = 0) and ¢ TCLC impedance with (X7¢c c(n = 5) = 0)

Figure 6.3b shows the TCLC impedance with Xyc;c(n = 3.7) = 0, which is
diverging from the possible current harmonic orders (6k + 1 with k =1, 2, 3...) of
three-phase three-wire power system. Therefore, the self-harmonic current injection
by TCLC can be very small (will be discussed in Sect. 6.3.3). But, the required
Vbe 1or at the high harmonic frequency order is high due to a larger Xsvc, = Xrcren
according to (6.2) and (6.3).

Figure 6.3c shows the TCLC part impedance with X7c;c(n = 5) = 0. With this
TCLC design, the required Vpc 4, for compensating Sth order loading harmonic
current can be minimized. The required Vp¢ ,, at high harmonic frequency order
will be lower than Xrc;c(n = 3.7) = 0 case due to smaller Xgyc,.

6.3.2 Fundamental Frequency Analysis of R,y and Vpc 1001

From Fig. 6.2a, the fundamental inverter voltage V,,,; can be expressed as:

Vit = Vi — Xsver (o) - Iext (6.15)
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where Vi1, I.x1 and Xgyc; is the fundamental load voltage and compensating
current and SVC impedance, respectively. The loading reactive power can be
expressed as:

Oy = Vi - Iixqt = Vi - (—Lewt) (6.16)

where O is the loading reactive power, the I;,; is the load fundamental reactive
current which is equal to —i., after compensation. Combining (6.3), (6.9), (6.15),
(6.16), the R,y and Vpc 4,1 can be expressed as:

Vinvx - cx
R = % = "QLA [Qex_svel (6.17)
Vsvel Orx
VDC_mzl - \/6 : Vinvxl - \/6 : Vxl W (618)
cx__SVi

In (6.17), the Q.. svc has the opposite direction with Qy,. If the Qy, is varying

within range of Qr, € [ —|Qcx_sve( = 90°)|, |Qcx_sve(x = 180°)]], the |Qr.| =
|Ocx_sve| and Vpey = 0, otherwise, the Ry, > 0 and Vpe 1o > 0.

6.3.3 Harmonic Frequency Analysis of Ry, and Vpc tom

As shown in Fig. 6.2b, the harmonic compensating current can be expressed as:
Iow = Tin + (_Ian) (619)

where I, is the self-harmonic current injection by SVC and I;,, is the loading
harmonic current.

In this part, the required R,,,, and Vpc s Will be separately discussed in two
parts. In Sect. 6.3.3.1, the required R,,,,, and Vpc ;o1 to compensate i;,, (injected by
SVC part) are deduced under assumptions of 1., = I, and I, = O (linear load-
ing). In Sect. 6.3.3.2, the total required R, and Vp, are obtained to compensate
nonlinear loading with the current 1., = Iy, + (=1L

6.3.3.1 The R,,;, and Vpc (o, for Compensating i;,,, Only

In this part, the required R,,,, and Vpc ,, can be obtained to compensate i,
injected by SVC part. In order to clearly observe the i;,, problem, the loading is
assumed to be linear (iz,, = 0).The equivalent single-phase self-harmonic current
rejection analysis model is provided in Fig. 6.4.

In Fig. 6.4, the thyristors (7,; and T,,) in each phase of the SVCs (FC-TCR or
TCLC) can be considered as a pair of bidirectional switches, which would generate



138 6 Minimizing Inverter Capacity Design and Comparative Performance ...

® isx Vx L ®) isx Vx iLx
foxn icxn
L l (Fiex1+iixn) Ls l (Fiex1+iixn)
Vex  ILTCR icre Vsx itpr icPr
S l? (;]Ei: |Lgl> s l Cf’F |Lgl>
off on off on
x=a,b,c x=a,b,c

Fig. 6.4 SVC equivalent single phase model for harmonic current rejection analysis a FC-TCR
and b TCLC

low order harmonic current i;,,. During the switch S turns on and off, the two
differential equations of i.(f) (icx_og and ic,_,,) can be obtained as:

lex_off = lext + lin = Ay sin(@i7 — o) + Ky sin(@u+ ¢,;) (6.20)
Fundamental — Harmonic ’

Iex_on = ex1 i = Az sin(wf+ o) + K cos(wyat + ¢,n) + K3 (6.21)
Fundamental Harmonic ’

where A; and A, are the peak values of the fundamental compensating current
during each turn off and turn on; K|, K5, K3, ¢,,; and ¢, are constants during each
switching cycle, and they depend on the initial conditions of the compensating
current and capacitor voltage; w,; and w,, are the harmonic angular frequencies.
For FC-TCR, the w,,; and w,,» can be obtained as:

1 w1 1
= (=2 = 6.22
ot VLSCFC <n1 271'f 2anLsCFC> ( )

Ly + Lrcr w7 1 Ly + Lrcr
Wpp = Ny =——=——\|7——F7—5 (623)
LL1crCrc 2nf  2nf \ LiLrcrCrc

For TCLC part, the w,,; and w,, can be obtained as:

1

Wy =—F—————=|n; = ﬂ — 1
(Ly+ L) - Cpr 2nf  2nf\/(Ly+ L) - Cpp

L+L+L 1 [ LrL+L
wnzz\/ +Lo+Lpr (m ) + Lo+ Lop > (625)

(6.24)

(Ly+ L) - LppCpr - 2nf - 21f \| (L + L) - LerCrr
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Fig. 6.5 Simulated fundamental and harmonic compensating current under different firing angles
with a FC-TCR impedance b TCLC impedance with (X7czc(n = 3.7) = 0) ¢ TCLC impedance
with (XTCLc(n ~ 5) = O)

where L; is the system inductor which is usually a small value. For a three-phase
three-wire system, the common harmonic orders are 6n £ 1 (>5) with
n=1,2,3.... Based on (6.22) and (6.23), the FC-TCR part may generate low order
harmonic current. However, for TCLC part with X7, (n = 3.7) = 0, the possible
generated harmonic orders n; and n, are far from the 6n + 1th order, thus the
generated harmonic current can be significantly reduced. For TCLC part with
Xrcrc(n = 5) = 0, significant 5th order harmonic current can be generated as the n;
and n, are designed closed to 5.

Based on above analysis, the fundamental and harmonic compensating current
under different firing angles are provided in Fig. 6.5.

From Fig. 6.5a, when the FC-TCR is applied, it can be observed that many low
order harmonic current are injected into the power grid. On the other hand, when
the TCLC (X7cpc(n = 3.7) = 0) is applied, the injected harmonic current can be
significantly reduced as shown in Fig. 6.5b. When TCLC (X7¢crc(n = 5) = 0) is
applied as shown in Fig. 6.5¢c, significant 5th order harmonic current is generated.
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Fig. 6.6 Required R, and Vpc ,m for compensating self-harmonic current injection with
different SVC part of SVC-HAPFs under different firing angles: a R;,;,(= Sinv/Ssvewn) and
b VDC_totn

Based on above (6.1)—(6.4), Figs. 6.3 and 6.5, the required Rgyc and Vpc sve
due to self-harmonic current injection by SVC part can be plotted in Fig. 6.6.

From Fig. 6.6, it can be seen that the TCLC-HAPFs require much lower R,
and Vpc ;on for compensating the i;,,, problem than FC-TCR-HAPF. Specifically,
the FC-TCR-HAPF requires about two times V¢ ;. to absorb the self-harmonic
current injection than TCLC-HAPFs (worst case).

6.3.3.2 The R, and Vj, for Compensating Both i;,,, and i;,,

Since the SVC has poor harmonic compensation ability, the active inverter part of
SVC-HAPF is designed to compensate load harmonic current i;,,, and absorb the
SVC self-generated i;,, simultaneously.

The six-pulse rectifier nonlinear loads are commonly used in industrial appli-
cations such as AC-DC converters, speed controlled DC motors, and steel hard-
ening machines. In this chapter, the six-pulse rectifier nonlinear loads are
considered as the worst case of the three-phase three-wire harmonic loads [13-16].
If the designed Vpc,, can compensate this kind of nonlinear loads, the SVC-HAPFs
can probably compensate other industrial loads. Considering the rating of a non-
linear loading is 10 kV-500 A, the total required R ,,, and Vpc_y,,; of SVC-HAPFs
can be plotted as Fig. 6.7 with the help of (6.1)-(6.19).

Figure 6.7 shows that the FC-TCR-HAPF requires the lowest required R,,;, and
Vbc_tom among three SVC-HAPFs. Comparing the two designs of TCLC-HAPFs,
the required Ry, and Vpc jom of TCLC with Xycrc(n = 3.7) = 0 case is much
higher than TCLC with X7c;c(n = 5) = 0 case. Based on Fig. 6.7, to compensate
the commonly used industrial loads with considering i;,, problem as well, the
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Fig. 6.7 Required R,,,, and Vpc 1, for compensating nonlinear loads and self-harmonic current
injection with different SVC part of SVC-HAPFs under different firing angles: a R,,;,(= S/
Ssvewn) and b Ve rom

Vbc jom are set to be 1660 V (R, = 12%) for FC-TCR-HAPF, 5450 V
(Riom = 36%) for TCLC-HAPF with X7crc(n = 3.7) = 0 and 2500 V (R,,;, = 17%)
for TCLC-HAPF with X7crc(n = 5) =0 under 10 kV-500 A nonlinear load
consideration.

6.3.4 The Minimizing Inverter Capacity Design
Of Total Rtot and VDCﬁTot

In this part, the minimizing inverter capacity design of SVC-HAPFs is discussed
which included the fundamental component (discussed in Sect. 6.3.2) and harmonic
components (discussed in Sect. 6.3.3). Figures 6.8 and 6.9 show the ratio of R,
and Vpc_,, in terms of Qy, and I;,, (also included I;,,,) for different SVC-HAPFs.

From Figs. 6.8 and 6.9, at I;,,, = 0, it can be seen that the SVC-HAPFs still
require the Ry, and Vpc_sor = Vpc som t0 absorb the self-harmonic injection current
by SVC which is agreed with Fig. 6.6 in Sect. 6.3.3.1. With the I;,,, increasing, the
required R,,, and Vpc_,,, are increasing. To compensated 10 kV-500 A rectifier
nonlinear loading with harmonic current I;,,, = 150 A, the required R,,; and Vpc_ o
in Figs. 6.8 and 6.9 can also be found in Fig. 6.7 of Sect. 6.3.3.2. Moreover, when
the Oy, is outside of the designed Q.. svc range, the designed R,,, and Vpc 4, can
further enlarge the reactive power compensation range of SVC parts which is
agreed with analysis in Sect. 6.3.2.
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Table 6.2 Comparison among three SVC-HAPFs

FC-TCR-HAPF | TCLC-HAPF TCLC-HAPF
(n ~3.7) (n=5)
Required Linear load * Hkek stk
Vbc_ior and Ry (Fig. 6.6)
Non-linear load wAE * *%
(Fig. 6.7)

Comp. performance (Fig. 6.10)

sk

sksfeok

6.3.5 Comparison of SVC-HAPFs

Until now, the R,,, and Vp¢ ,,, of three different SVC-HAPFs are deduced through
mathematical analysis. And, the comparisons are provided in Table 6.2 for three
different SVC-HAPFs. Among them, the FC-TCR-HAPF requires the lowest R,
and Vpc 4, for nonlinear loading compensation. However, the current tracking
ability can be low and the switching noise can easily inject into the power grid to
deteriorate system voltage and compensation performance which will be proved in
next section. Whereas, the TCLC-HAPF X7c;c(n = 3.7) = 0 requires lower for
linear loading compensation. Whereas, the TCLC-HAPF (Xyc;c(n = 5) =0)
requires slightly higher R, and Vpc ,, than TCLC-HAPF X7c;c(n =~ 3.7) = 0 for
linear loading compensation and FC-TCR-HAPF for nonlinear loading compensa-
tion. However, the TCLC-HAPF (X7¢;c(n = 5) = 0) has the superior performance
(proved in nest section) which turn out to be a better structure than FC-TCR-HAPF.

6.4 Simulation Results

In this section, the simulation studies are carried out by using PSCAD/EMTDC and
the system parameters are shown in Table 6.1. Figure 6.10 shows the source cur-
rent THD;, performances with varying of different load PF and THD;,, after dif-
ferent SVC-HAPFs compensations with designed Vpc ., and R,,,. And the load
voltage (and its ripple), source current, load current and DC-link voltage waveforms
for 10 kV-500 A the six-pulse rectifier nonlinear load compensation is given in
Fig. 6.11.

From Fig. 6.10, the FC-TCR-HAPF cannot always provide the satisfactory
performance this is because it does not have a coupling inductor L. to filter out
switching noise generated by active inverter part. By adding the tuned L., the
TCLC-HAPFs obtain better performance than FC-TCR-HAPF. By comparing two
designs of TCLC-HAPFs in Fig. 6.10a and b, the TCLC-HAPF (X7, c(n = 5) = 0)
obtains better compensation results than TCLC-HAPF (X7¢c;c(n = 3.7) = 0). In
addition, the three points circled out in Fig. 6.10 are the three simulation cases which
are illustrated in Fig. 6.11.
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Fig. 6.10 Simulated source current THD;,, with varying of different load PF; and THD;;, with
Vbc 1or =2500 V. a after FC-TCR-HAPF compensation, b after TCLC-HAPF (Xrcic
(n = 3.7) = 0) compensation and ¢ after TCLC-HAPF (X7¢;c(n =~ 5) = 0) compensation

From Fig. 6.11, after the FC-TCR-HAPF compensation, the peak voltage ripple
of load voltage V) is about 1.0 kV. Meanwhile, the source current THD;,, have
been compensated to 21.0% from 28.0% for the worst case loading. In addition, the
power factors of the source current (PFs) becomes 0.97 after compensation. After
TCLC-HAPF compensations, it can be seen that the source current THD;,, are
improved to 14.1% for the design of TCLC-HAPF (Xy¢;c(n = 3.7) = 0) case and
less than 8% for the design of X7c . c(n ~ 5) = 0 case. And the peak voltage ripple of
load voltage V) is just about 0.1 kV for both TCLC-HAPF (X7¢pc(n =~ 3.7) = 0)
and (X7crc(n = 5) = 0) cases. Besides, the PF is improved to be equal to 0.99.
Moreover, it is worth noting that the TCLC-HAPF (X7¢;c(n = 5) = 0) obtains the
superior compensating performance.
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Fig. 6.11 Simulated load voltage (and its ripple), source current, load current and DC-link voltage
with Vpe 0 =2500 V after: a FC-TCR-HAPF compensation, b TCLC-HAPF (Xycrc
(n = 3.7) = 0) compensation and ¢ TCLC-HAPF (X7cc(n =~ 5) = 0) compensation

6.5 Experimental Results

Two 110 V-5 kVA experimental prototypes of three-phase three-wire
TCLC-HAPFs with Xycpc(n = 3.7) = 0 and of Xycrc(n = 5) = 0 are constructed
in the laboratory. The control system has a sampling frequency of 25 kHz. The
switching devices for the active inverter part and TCLC part are Mitsubishi IGBTs
PM300DSA060 and SanRex thyristors PK110FG160.

Figure 6.12 shows the simulated dynamic waveforms of load voltage, source
current, load current and DC-link voltage waveforms by applying different
SVC-HAPFs with deduced DC-link voltage for different loads compensation.

From Fig. 6.12 and Table 6.3, after the TCLC-HAPF with X7c;(n = 3.7) =0
and Vpc 10, =95 V (R, = 36%) compensation, the source current THDi, have
been compensated to 5.8% for the worst case loading, 5.3% for 1st loading com-
pensation and 5.0% for Ist and 2nd loading compensation. Meanwhile, the power
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Fig. 6.12 The experimental load voltage (and its ripple), source current, load current and DC-link

voltage waveforms for different loading compensation a TCLC-HAPF (X7cpc(n ~

3.7) = 0) with

Voc 1ot =95V (R 4o = 36%) for worst case loading compensation; b TCLC-HAPF with
Xrercm = 5) =0 and Vpc 10, =45V (R ;o = 17%) for worst case loading compensation;
¢ TCLC-HAPF (X7crc(n = 3.7) =0) with Vpc 15, =95V (R 4, = 36%) compensation with

loading dynamic changing;

(R 1or = 17%) compensation with loading dynamic changing

d TCLC-HAPF (XTCLc(n ~ 5) = 0) with VDCJOt =45V

Table 6.3 Compensation results for different loads by applying TCLC-HAPFs

Rectifier nonlinear load | Ist load 1st and 2nd loads
PF | THDisy |Vicior |PF |THDiy | Vae oo |PF |THDig | Vae 1o
(%) V) (%) V) (%) V)

Bef. comp. 0.95 |22.5 - 0.96 |25.7 - 0.82 [ 154 -
TCLC-HAPF 0.99 | 5.8 95 099 | 5.3 95 0.99 5.0 95
(n=~3.7)
TCLC-HAPF 0.99 | 43 45 0.99 | 3.7 45 0.99 (4.2 45
(n=~5)
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factors (PF) have been improved to 0.99 for all different loadings compensation. In
contrast, after TCLC-HAPF (X7 c(n = 5) = 0 with Vpe 10 =45 V (R = 17%)
compensation, the source current THDi,, and PF have been improved to less than
4.5% and 0.99 for all different loading.

Based on the experimental results, it can be concluded that the TCLC-HAPF
(Xrcrc(n = 5) = 0) has better compensation performance with lower DC-link
voltage than the TCLC-HAPF (X7¢;c(n =~ 3.7) = 0) case.

6.6 Summary

In this chapter, minimizing inverter capacity design and comparative performance
evaluation of different SVC-HAPFs (FC-TCR-HAPF and TCLC-HAPFs) have
been proposed and discussed. Besides, the power rating ratio between the active
inverter part and SVC part is obtained through mathematical derivation. Through
the minimizing inverter capacity analysis, simulation and experimental results
evaluation, it is found that the FC-TCR-HAPF requires lowest Vpc 4, for com-
pensating the loading harmonic current. However, it has the worst compensation
performance due to its self-harmonic current injection by its SVC part. Even though
the TCLC-HAPFs require higher R,, and Vpc ., than FC-TCR-HAPF, their
compensation performances are much better than FC-TCR-HAPF. Compared the
two designs of TCLC-HAPF, the TCLC-HAPF with X7c7c(n = 5) = 0 obtained
better performance even with a lower Vpc 4, and R,,, than the TCLC-HAPF with
Xrcrc(n = 3.7) = 0 case. Therefore, the TCLC-HAPF (Xtcrc(n &~ 5) = 0) turns
out to be the superior structure among three SVC-HAPF structures. And the power
rating ratio between the active inverter part and SVC part of TCLC-HAPF with
Xrcrc(n = 5) = 0 case can be chosen at around 17% for six-pulse nonlinear rec-
tifier load.

References

1. K.W. Lao, M.C. Wong, N. Dai, C.K. Wong, C.S. Lam, A systematic approach to hybrid
railway power conditioner design with harmonic compensation for high-speed railway. IEEE
Trans. Ind. Electron. 62(2), 930-942 (2015)

2. C.S. Lam, M.C. Wong, N.Y. Dai, W.H. Choi, X.X. Cui, C.Y. Chung, Switching-loss
reduction technique in active power filters without auxiliary circuits. IET Power Electron. 9
(4), 728-742 (2016)

3. C.S. Lam, X.X. Cui, W.H Choi, M.C. Wong, Y.D. Han, Minimum inverter capacity design
for three-phase four-wire LC-hybrid active power filters. IET Power Electron. 5(7), 956-968
(2012)

4. C.S. Lam, M.C. Wong, W.H. Choi et al., Design and performance of an adaptive
low-DC-voltage-controlled LC-hybrid active power filter with a neutral inductor in
three-phase four-wire power systems. IEEE Trans. Ind. Electron. 61(6), 2635-2647 (2014)



References 149

5.

10.

11.

12.

13.

14.

15.

16.

K.W. Lao, M.C. Wong, N.Y. Dai, C.K. Wong, C.S. Lam, Analysis of DC-link operation
voltage of a hybrid railway power quality conditioner and its PQ compensation capability in
high-speed cophase traction power supply. IEEE Trans. Power Electron. 31(2), 1643-1656
(2016)

. L. Wang, C.S. Lam, M.C. Wong et al., Non-linear adaptive hysteresis band pulse-width

modulation control for hybrid active power filters to reduce switching loss. IET Power
Electron. 8(11), 2156-2167 (2015)

. J. Dixon, Y. del Valle, M. Orchard, M. Ortuzar, L. Moran, C. Maffrand, A full compensating

system for general loads, based on a combination of thyristor binary compensator, and a
PWM-IGBT active power filter. IEEE Trans. Ind. Electron. 50(5), 982-989 (2003)

. A. Luo, S. Peng, C. Wu, J. Wu, Z. Shuai, Power electronic hybrid system for load balancing

compensation and frequency-selective harmonic suppression. IEEE Trans. Ind. Electron. 59
(2), 723-732 (2012)

. A.Luo, Z. Shuai, W. Zhu, Z.J. Shen, Combined system for harmonic suppression and reactive

power compensation. IEEE Trans. Ind. Electron. 56(2), 418-428 (2009)

B. Chen, C. Zhang, C. Tian, J. Wang, J. Yuan, A hybrid electrical magnetic power quality
compensation system with minimum active compensation capacity for V/V cophase railway
power supply system. IEEE Trans. Power Electron. 31(6), 4159—-4170 (2016)

S. Rahmani, A. Hamadi, K. Al-Haddad, A combination of shunt hybrid power filter and
thyristor-controlled reactor for power quality. IEEE Trans. Ind. Electron. 61(5), 2152-2164
(2014)

L. Wang, C.S. Lam, M.C. Wong, A hybrid-STATCOM with wide compensation range and
low DC-link voltage. IEEE Trans. Ind. Electron. 63(6), 33333343 (2016)

H. Haibing, X. Yan, Design considerations and fully digital implementation of 400-Hz active
power filter for aircraft applications. IEEE Trans. Ind. Electron. 61(8), 3823-3834 (2014)
D.E. Rice, A detailed analysis of six-pulse converter harmonic current. IEEE Trans. Ind.
Appl. 30(2), 294-304 (1994)

D. Basic, V.S. Ramsden, P.K. Muttik, Harmonic filtering of high power 12-pulse rectifier
loads with a selective hybrid filter system. IEEE Trans. Ind. Electron. 48(6), 1118-1127
(2001)

J.C. Brown, J. Allan, B. Mellitt, Six-pulse three phase rectifier bridge model for calculating
close up and remote short circuit transients on dc supplied railways. Proc. Inst. Elect. Eng.
138(pt. B, no. 6) (1991)



Chapter 7 )
Adaptive DC-Link Voltage Control s
of Thyristor Controlled LC-Coupling

Hybrid Active Power Filter

(TCLC-HAPF)

Abstract In this chapter, an adaptive DC-link voltage controlled thyristor con-
trolled LC-coupling hybrid active power filter (TCLC-HAPF) is proposed for
reducing switching loss, switching noise and enhancing the compensating perfor-
mance. Unfortunately, the TCLC-HAPF has both controllable active TCLC part
and active inverter part, thus the conventional minimum DC-link voltage calcula-
tion methods for active power filter (APF) and LC-coupling hybrid active power
filter (LC-HAPF) cannot be directly applied to the TCLC-HAPF. Moreover, the
aforementioned DC-link voltage calculation methods were developed based on the
Fast Fourier Transform (FFT), which makes the calculation complex. This chapter
also presents a simplified minimum DC-link voltage calculation method for
TCLC-HAPF reactive power and current harmonics compensation, which can
significantly reduce the large amount of the calculation steps by using the FFT
method. After that, an adaptive DC-link voltage controller for the TCLC-HAPF is
developed to dynamically keep its operating at its minimum DC-link voltage level
to reducing its switching loss and switching noise. Finally, representative simula-
tion and experimental results are given to verify the proposed simplified DC-link
voltage calculation method and the adaptive DC-link voltage control method of
TCLC-HAPF.

Keywords Thyristor controlled LC-hybrid active power filter (TCLC-HAPF)
Reactive power - Current harmonics - Adaptive DC-link voltage control

7.1 Introduction

With the proliferation and increased 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, compressors, etc. in distribution power
systems, the power quality (PQ) problems become more serious, especially for
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lower power factor and harmonic pollution [1-11]. To solve the above PQ issues,
different PQ compensators have been developed.

The active power filters (APFs) have been widely used for dynamically com-
pensate reactive power and harmonic current. However, the APFs require high
DC-link voltage (Vp) for performing compensation, so their initial and operating
costs are high [5-11]. Afterwards, different hybrid active power filter (HAPF)
topologies composed of APF and passive power filter (PPF) in series and/or parallel
have been proposed [4-9], aiming to improve the compensation characteristics of
PPFs and reduce the voltage and/or current ratings (costs) of the APFs. LC-coupled
hybrid active power filters (LC-HAPFs) [12—-16] can be considered as a good
tradeoff between the system cost and compensation performance, which aims to
reduce the DC-link operating voltage. However, the LC-HAPF has a narrow
reactive power variation range, which may require a high Vpc when it is operating
outside its compensation range, thus losing its low Vp characteristic. To enlarge
the compensation range and keep at a low rating of active inverter part simulta-
neously, a thyristor controlled LC-coupling-hybrid active power filters
(TCLC-HAPFs) were proposed in 2014 and 2016 for distribution [17, 18] and
transmission power systems [19], respectively. The TCLC-HAPF can provide a
much wider reactive power compensation range than the LC-HAPF and keeps the
low DC-link operating voltage characteristics as the LC-HAPF.

In practical case, there is always a minimum DC-link voltage for PQ compen-
sators performing load reactive power and harmonic current compensation. As the
switching loss is directly proportional to the V¢ [14, 16, 20], the PQ compensators
have higher switching loss if V¢ is higher, and vice versa. On the other hand, a
sufficient Vpc can ensure satisfactory compensation performance. Thus, it is nec-
essary to obtain an appropriate Vpc to achieve satisfactory compensation perfor-
mance with low switching loss and switching noise.

Different minimum Vpc design methods for different PQ compensators have
been reported among the existing literatures [14—16, 21-24]. In [22-24], the V¢ of
the APFs are designed to be equal or larger than certain voltage levels, such as line
to line voltage peak value [22], 21/2 times the fundamental output voltage of the
active inverter [23], 2+/2 times the root mean square (rms) value of the system
source voltage [24]. However, the Vpc calculation methods in [22-24] are not
related to the loading situation, so that the calculated Vpc are not accurate for
compensation. To obtain a more accurate Vpc requirement for APF, the authors in
[21] proposed a detailed deduction analysis of the minimum Vpc value for both
fundamental reactive power and current harmonic compensation based on the
complicated Fast Fourier Transform (FFT). Later on, the minimum V¢ calculation
method of APF has been extended to the LC-HAPF systems [14—16]. Even through
the Vpc calculation method for the adaptive Vpe controlled LC-HAPF in [14] is
based on the single-phase instantaneous p-q theory [25], the work in [14] aims to
compensate dynamic reactive power problem only without current harmonics
consideration. When the LC-HAPFs are designed to compensate both reactive
power and current harmonics simultaneously, similar as APF case, the Vpc
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calculation still requires the FFT [15, 16], which makes the V¢ calculation com-
plex. As the TCLC-HAPF has controllable active TCLC part and active inverter
part, it should have different V- calculation equations in comparison to the APFs
and the LC-HAPFs as they have fixed passive L/LC part.

Even though TCLC-HAPF was first proposed in 2014 [17], the derivation of its
Vpc design was reported in [18]. However, the Vpe in [18] was proposed to
compensate the fundamental reactive power left by the TCLC part, while the
current harmonic components and the loading reactive power over the TCLC part
compensation range situation have not taken into consideration. If the V¢ design in
[18] is directly applied to compensate time-varying nonlinear loads, the
TCLC-HAPF may fail to perform satisfactory current quality compensation.

Moreover, the TCLC-HAPF is always operating at a fixed Vpc level [17-19], the
TCLC-HAPF will obtain a larger switching loss if a higher V¢ is used, and vice
versa. Therefore, if the Vpc can be adaptively changed according to different
loading situations, the TCLC-HAPF can achieve better performances and opera-
tional flexibility. Besides, if the Vpc calculation for the TCLC-HAPF is based on
the instantaneous p-q theory instead of using the complicated FFT as in [15, 16,
21], the number of Vp calculation steps and its corresponding processing time can
be significantly reduced, which can relax the original complex Vpc calculation
problem. Due to the limitations among the existing literatures, the contributions of
this chapter:

e Propose a Vpc calculation method for the TCLC-HAPF, in which the proposed
Vpce method in [14-16, 21] for the APF or the LC-HAPF cannot be directly
applied to the TCLC-HAPF because the TCLC-HAPF has controllable active
TCLC part (which is changing dependent of the loading situation) and active
inverter part, while the APFs and the LC-HAPFs have fixed passive L/LC part
(which is independent of the loading situation);

e Propose a simplified minimum Vp calculation for the TCLC-HAPF reactive
power and current harmonics compensation, which can significantly reduce the
number of calculation steps compared to the conventional Vpc calculation
methods based on the FFT [15, 16, 21], thus the digital controller can reduce the
required processing time and ensure the system response time and performance;

e Develop an adaptive DC-link voltage controller for the TCLC-HAPF reactive
power and current harmonics compensation based on the simplified Vpc cal-
culation method;

e With the proposed adaptive DC-link voltage controller, the TCLC-HAPF can
operate atits required Vpclevel, thus lowering the system switching loss and noise.

In this chapter, the background information and motivation of this chapter are
introduced in Sect. 7.1. The circuit configuration and modeling of a three-phase
three-wire TCLC-HAPF are described in Sect. 7.2. Based on its modeling, the
simplified V¢ calculation method is proposed in Sect. 7.3 and the adaptive Vpc
control block is given in Sect. 7.4. Then, representative simulation case studies (in
Sect. 7.5) and experimental results (in Sect. 7.6) are provided to verify the deduced
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Vpc calculation method and the proposed adaptive Vpc controller for the
TCLC-HAPF. Finally, conclusion is drawn in Sect. 7.7.

7.2 Circuit Configuration of Three-Phase Three-Wire
TCLC-HAPF

The circuit configuration of a three-phase three-wire TCLC-HAPF is given in
Fig. 7.1. Figure 7.2 shows the single-phase TCLC-HAPF equivalent circuit models
at the fundamental and harmonic frequencies. In this TCLC-HAPF topology, the
TCLC part and the active inverter part can complement each other’s disadvantages.
As the TCLC part offers the reactive power compensation range and provides a
large fundamental voltage drop between the load voltage and the active inverter
voltage, the voltage rating of the active inverter part can be significantly reduced.
On the other hand, the active inverter part can solve the inherent problems of using
the TCLC alone, such as inrush current, resonance problem, noise of thyristors
turning on/off, mistuning of firing angles and low harmonic compensation ability.

From Fig. 7.1, vy, is, Vi, i, and i, (‘x’ denotes phase a, b or c¢) represent the
source voltage, source current, load voltage, load current and compensating current
respectively, L, is the system inductance. For the TCLC part, L., Cpr and Lpr are its
coupling inductor, parallel capacitor and its thyristor controlled reactor (TCR); and
the pair of T,; and Ty, is the bi-directional thyristor switch of the TCLC part. For
the active inverter part, v;,,, is the output voltage of the voltage source inverter
(VSD); T, and T, are the switching devices; Cpc and V¢ are the DC-link capacitor

Loads

linear

Inductive
load load
L

A
6-pulse
= - = rectifier
- Ta Ty T

Fig. 7.1 Circuit configuration of a three-phase three-wire TCLC-HAPF
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Ls

XrcLext Q) XrcLexn Q)

I Lxf l Lxn

lcxn

Vinvxf Vinvxn

x=a,b,c

Fig. 7.2 Single-phase equivalent circuit models of the TCLC-HAPF: a at fundamental frequency,
b at n™ order harmonic frequency

and its voltage. Figure 7.2 shows the single-phase equivalent circuit models of the
TCLC-HAPF. In the following, the subscripts ‘/>, ‘b’ and ‘n’ represent the fun-
damental, total harmonic and harmonic order.

For the fundamental frequency circuit model as shown in Fig. 7.2a, V,rand V;,,.¢
are the fundamental load and VSI voltage; I 1. and I, are the fundamental
source, reactive compensating and load current, Xrcycyy is the fundamental reac-
tance of the TCLC part.

For the nth order harmonic frequency circuit model as shown in Fig. 7.2b, V;,,.x
is the nth order harmonic output voltage of the VSI; I, I., and I ,, are the nth
order harmonic system, compensating and load current, X7c; ¢y, is the nth order
harmonic reactance of the TCLC part, with the harmonic order nth = 6k % 1th,
k=1, 2 ... co for three-phase three-wire system [26, 27].

From Figs. 7.1 and 7.2, the phase fundamental and harmonic reactance values of
the TCLC part can be calculated through (7.1) [19]:

nXrprrXcprf
X Oy) = - : Xie
TCLCaf (%) Xcrr (27 — 205 + sin20) — 7Xpry + Xref o
X prnXCPF '
XTCLan (O(x) = - - + XLcn

XCPFn (271? — 20‘)( + sin ZOCX) — nXLpFn

where X, ;= WL, Xpprr = OLpp, Xcpry = 1(0Cpr); Xpen = nLe, Xpppn = NLpr,
Xcprn = U/(nwCpr), o (= 27f) is the fundamental angular frequency. «, is the phase
firing angle of the thyristor switches, which can be obtained from the TCLC-HAPF
controller and the detailed discussion of the TCLC-HAPF control will be presented
in Sect. 7.4.

With the help of Fig. 7.2, the minimum DC-link voltage calculation for the
TCLC-HAPF will be proposed and discussed in Sect. 7.3. In the following analysis,
v, and v, as shown in Fig. 7.1 are assumed to be pure sinusoidal without harmonic
components, that is V,, = V, = V,,[14, 21] for simplification, and all the parameters
are in root mean square (rms) values.
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7.3 Proposed Simplified Minimum DC-Link Voltage
Calculation Method

To avoid using the complicated FFT method of the minimum V¢ calculation [15,
16, 21] for the TCLC-HAPF reactive power and current harmonics compensation, a
simplified minimum Vpc calculation method is proposed. The Vpc of the
TCLC-HAPF includes both fundamental and harmonic components which can be

expressed as:
VDCX = \/ V%fo + Véth (72)

Vpe = max( Vpca, Vben, Voee) (7.3)

where Vpeyr and Vpeyy, are the required DC-link voltage for compensating funda-
mental reactive power and current harmonics of each phase. The final Vpc is
calculated as the maximum value among the three phase values. In this section, the
Voo and Vpey, will be separately discussed in Sects. 7.3.1 and 7.3.2, and a
comparison of the V¢ calculation for the TCLC-HAPF by using the conventional
FFT method [15, 16, 21] and the proposed method will be discussed in Sect. 7.3.3.

7.3.1 Deduction of DC-Link Voltage (Vpc.y)
at Fundamental Frequency

From Fig. 7.2a, the phase fundamental inverter output voltage (Vi) can be
expressed as:

Vinvxf = ‘Vx - |XTCLfo(ax)‘ ' ’IucfH (74)

where V,, I, and Xrc; cy(y) is the fundamental load voltage, fundamental reactive
compensating current and TCLC part fundamental impedance, respectively. The
reactive power (Qc. rcrcf®y) provided by the TCLC part and the load reactive
power (Qy,s) can be expressed as:

V2
o rener(o) = ——F 7.5
Qer_rercy () Xrerex (o) (7.5)
Oy = Vi Iy = Ve (—ley) (7.6)

where 1,4, is the phase fundamental load reactive current and is equal to —I..,, after
the TCLC-HAPF compensation at ideal case. By combining (7.4)—(7.6), the
required DC-link voltage (Vpc.yp) at the fundamental frequency can be expressed as:
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Fig. 7.3 The relationship 160
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chvTCLCf (fxx)

In (7.7), the Q.. rcrco) can also be expressed as in (7.8) and it varies within
two fixed boundaries according to the range (90° < «, < 180°) of the firing angle as
in (7.9) and (7.10).

Vi

Qex_rcrey (OCX ) = nXrrrrXcprr +X (7-8)

Xcprr(2m—20, + sin 200,) — X pry Lef

V2 V2
Ocx_rcrcr(on = 90%) = = (7.9)

Xrcresf (o = 90°) Xici’;;ﬂ)‘(:ﬁf + Xpo
. V2 V2

chATCLCf(OCx =180 ) = X X (710)

 Xrcrew (o = 180°)  Xpep — Xcpry

Moreover, if the Q;,¢is within the compensation range of the TCLC part, that is
Ocx tcrcf(ty) = =0y and Vpeyr = 0 can be achieved; otherwise, Ve, > 0. Based
on (7.7)=(7.10), the relationship between Vpc,rand Q; . can be plotted as shown in
Fig. 7.3.



158 7 Adaptive DC-Link Voltage Control of Thyristor Controlled ...

7.3.2 Deduction of DC-Link Voltage (Vpcy.,) at Harmonic
Frequency

The three-phase three-wire nonlinear loads with six-pulse rectifiers such as: AC-DC
converters, speed controlled DC motors, and steel hardening machines, etc. usually
produce larger harmonic current than many other kinds of loads in the industrial
applications [27-30]. Therefore, the six-pulse rectifier loads are mainly focused in
this chapter. If the proposed minimum Vpc can compensate this kind of rectifier
loads, many other kinds of loadings can also be compensated [31, 32]. The har-
monic current (I;,,,) of the six-pulse rectifier loads can be obtained through Fourier
Series (FS) [33] as:

I .
Lw = =L nth = 6k £ 1th, k=1,2...00 (7.11)
n

In (7.11), the I;,, at each harmonic order can be expressed in terms of the
fundamental load current (I.»). Based on (7.11), the required DC-link voltage
(Vpexn) at harmonic frequency can be expressed as:

o0

Ve == V6 - Iy - Z

=2

( - XrcLem cxx)ﬂ =V6- Iy -Ala,)  (7.12)

Voo = \/6 x Z:i ( znvxn \/g 8 \/Z XTCLCX" OC)L) ILW) } (7 13)

where A(a,) = Z [( XTCLCX,,(ocX))Z}

In (7.13), A(a,) is a constant related to the Xrcz (o) and n, where Xrer cxn(0t)
is in terms of the firing angle (o,) as shown in (7.1), and a look up table (LUT) (o,
vs A(o,)) can be built in order to simplify the A(wx,) calculation. Besides, the
fundamental load current I;,¢ can be calculated by using the single-phase instan-
taneous p-q theory [25] as:

=2 =2
Sy, = VP T L (7.14)

2

S
Ig = 7“ (7.15)

X

where Sy is the apparent power of the loading, pr., and g, are the DC components
of the instantaneous load active and reactive power [25].



7.3 Proposed Simplified Minimum DC-Link Voltage Calculation Method 159

Fig. 7.4 The relationship
among Vpcy, I and Op,

250 s
) %
\ %7, 77,
7 7 7

o 200 ~

| % 7% 777 /
T S
N

75427 %
g 2 4
X477 4 7%

7
2

1000

Based on the above deduction, from the TCLC-HAPF system parameters as
shown in Table 7.3, the phase required DC-link voltage Vpc, of the TCLC-HAPF
can be plotted as shown in Fig. 7.4.

When there is no harmonic current problem, the required Vpc, will obtain the
same results as shown in Fig. 7.3. The minimum V¢, = 0 can be achieved if Oy, is
within the compensation range of the TCLC part. In addition, the larger the har-
monic current contents, the larger the Vpc, is required.

7.3.3 Comparison Between Conventional and Proposed
Minimum V¢ Calculation Methods

To compare the calculation steps between the conventional V¢ calculation method
(based on FFT) [15, 16, 21] and the proposed Vpc calculation method for the
TCLC-HAPF, Tables 7.1 and 7.2 summarize their required number of

Table 7.1 The required number of mathematical operators for the conventional minimum Vpc,
calculation by using FFT [15, 16, 21]

Calculation Operation
+ - X / i Vx [x| sin x

Lep, (7.6) 1 1

Vg = V6 Vi With (7.4) 2 3 9 1 1 3 1

FFT I, (complex) [34] 13566 4360

1., [33] 7 14 7

Voo (7.12) 20 14 57 7 7 2 7
Vper (7.2) 1 2 1

Operations 13596 18 4426 9 23 11 3 8
Note ‘+’ addition, ‘—’ subtraction, ‘<’ multiplication, ‘/* division, e square, “x’ square root, ‘[x|’

absolute, ‘sin x’ sine
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Table 7.2 The required number of mathematical operators for the proposed simplified minimum
Vpey calculation method

Calculation Operation
+ - X / X x || sin x

Ocx_tcrcf() (7.8) 2 2 7 2 1

Ve (1.7) 1 2 1 1 3

Iy (7.14), (7.15) 1 2 2 1

Vocan (1.13) 2 1

Vper (1.2) 1 2 1

Operations 4 3 11 5 5 4 3 1
Note ‘+’ addition, ‘—’ subtraction, ‘<’ multiplication, /> division, R square, <X square root, ‘|x|’

absolute, ‘sin x’ sine

mathematical operators. The assumptions used in this comparison are: (1) the
considered harmonic current order is up to 23rd, and (2) the sampling rate is 25 kHz
and 512-point FFT algorithm are used in the conventional method.

As shown in Table 7.1, the conventional Vp calculation method (based on the
512-point FFT algorithm) [34] requires a large amount of additions and multipli-
cations. In contrast, the number of additions and multiplications used in the pro-
posed method are 99.97 and 99.76% less than the conventional method as shown in
Table 7.2. Moreover, the other mathematical operators of the proposed method are
also less than the conventional method by using FFT [15, 16, 21].

7.4 Control Block of the Proposed Adaptive DC-Link
Voltage Controlled TCLC-HAPF

In this section, the control block of the adaptive DC-link voltage controlled
TCLC-HAPF is proposed based on the above Vp calculation method. And the
overall control block diagram is shown in Fig. 7.5, which consists of the following
three sub-control blocks: Sect. 7.4.1 TCLC Control Block, Sect. 7.4.2 Active VSI
Control Block and Sect. 7.4.3 Adaptive DC-Link Voltage Control Block.

7.4.1 TCLC Control Block

For the TCLC control block as shown in Fig. 7.5, the fundamental load reactive
power (Qy,p is calculated by the single-phase instantaneous p-q theory [18, 25],
which is used to control the firing angle («,) of the thyristor switch (7', and T5,).
When the Q,.r varies within the compensation range of the TCLC part, which
means O, rercfde = 180°) < =0y < Ocx 1ercfo = 90°), the corresponding o,



7.4 Control Block of the Proposed Adaptive DC-Link Voltage Controlled TCLC-HAPF 161

i i Calculation
lLa la

- > Of["a/: and Gop
= o-B | ;

feg +Q i Y7 .
Calculation + - > T,

. B .
ire > Three-Phase | 1% ofiv., lca_de iea
Instant. p-q
PWM T
V, Instant. p-q T x- — T,
! v T Theory

I I
| |
I I
I I
| |
I I
I I
I I
| |
I I
I I
| |
I 5 . . » I
! Lbg + Nigp* + Aicp | Hysteresis Ty
' Theory Three-Phase (+) O i i
I I
I I
| |
I I
I I
| |
| |
I I
I I
| |
I I
I I

v Vag _ TCLC Control Block |
| v, 4 I
} Tag a7 vﬂ: Gra 19t Oras a . |
1V “ 7 Oy — T
! qip qLp . Lbf ap |
v, s
3 Lag 72 vlb LPF 2 LUT (Qpyvs @) P T 3
C Y7l c .
! Ve vm Calculation | 9% PP Gre I, OLey Firing Ty |
| Tag /2 L] of preand g1 . Angle |
! . Bra omparator — 15, |
i Irq l aa_y! Single-Phase + Va —» . 7. i
! !1pa | Instant.p-q | Pra _ Vp —» PLL !
} ; g L Theory La Ve ] ¢vc > T_vc }
| 1 'Lb - |
L L2 iL b P HPF G B |
i i c = i
| Lag n/2 Lfe HPF c PLe !

DC-Link Voltage Feedback Control Block

Vo + AVpc | P Controller 'D— AP,
( ) K, 1 ——> ica DC

Calculation of ic, g4

Vpc—»| LPE Limiter AQue

Three-Phase Instant. feb_DC

Vo —»)
Vet + AVpc|P Controller 'D' A’—V“. p-q Theory
'< ) K, _/| b ———> lcc DC

Ve —>

Vpc—{ LPF Limiter

i Reference DC-Link Voltage Calculation Block Adaptive DC-Link Voltage Control Block i
i Fundamental Components Harmonic Components i
i oy i
i Oq —>| gm TCLCY Gt @, i
o 2 =
i » — Eq. (7.8) b_TCLCY Dra o i
1 O — ) Q(LJ'('L(] l 1
i Gy —> Eq.(7.14) Ipy —> Vican i
! 0 D Eq. (7.15) LUT |
! Lof —— *Vpcar Iy | (acvs A(a)) |y Vocon '
! Oty ————{Ea. 0.7) = Ve qrc —» |
i - I Eq. (7.13) »V i
! OLy____, — Ve DPLe —>| DCch |
I I
I I
Ve s |
| DCah—| |
! Find Maximum Set Final Reference !
I V | V v I
! babf Eq. (7.2) D L) DColink Voltage | VP€_| DC-link Voltage . |
i Voesi— Eq. (7.3 Level — Ve |
! ) v, q.(7.3) evel !
| Vpcer————> DCe |
I I
! Vicer—| !
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I

Fig. 7.5 Control block diagram of the adaptive DC-link voltage controlled TCLC-HAPF
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can be obtained from (7.8) with Q. rcrcday) = —QOpyp Otherwise, if the Qy.f is
outside the TCLC part compensation range, which means Q.. rcrcfo = 180°) > —
Or oF Ocx rercfoy = 90°) < —0j,p o, would be set to be equal to 180° or 90°
respectively. However, (7.8) has a term of —2a, + sin(2«,), which does not have a
closed-form solution. Therefore, a LUT (Qy.s vs. o) is built, so that «, can be found
according to the calculated Q, s easily. Finally, the thyristor switches are triggered
by comparing the o, to the phase angle of the load voltage (¢,,), that is obtained
from a phase lock loop (PLL).

7.4.2 Active VSI Control Block

For the active VSI control part, the reference compensating reactive and harmonic
current (i, ) is obtained through the three-phase instantaneous p-q theory [18, 35].
When the V¢ control is applied, the i, ,is added with the DC-link voltage control
feedback current signal (i., pc), that is obtained from the V¢ control block, then it
yields the final reference compensating current (i:x). Then, the compensating cur-
rent error (Ai,.,), which defines as the difference between the sensed compensating
current (i.,) and the i;, will be inputted to the Hysteresis PWM signal generator to
generate the control trigger signals (7 and 7,) of the VSI. The active VSI part can
compensate the load harmonic current, improve the reactive power compensation
ability and dynamic performance of the TCLC part and also regulate the DC-link
voltage to its reference value.

7.4.3 Adaptive DC-Link Voltage Control Block

The adaptive DC-link voltage control block contains the reference DC-link voltage
calculation block and the DC-link voltage feedback control block.

7.4.3.1 Reference DC-Link Voltage Calculation Block

For the reference DC-link voltage calculation block, the simplified V¢ calculation
method is used to calculate the phase required Vp, value for the final reference
DC-link voltage determination (Vpc™*). All the input values such as a,, Oy, prr and
gL are obtained through the TCLC control block. Moreover, in order to stabilize
the Vpc, the Vo will be set to certain voltage levels range for selection [14].
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7.4.3.2 DC-Link Voltage Feedback Control Block

For the DC-link voltage feedback control block, two proportional (P) controllers
with the gains (K, and K,) are applied for generating the DC-link voltage feedback
compensating current signals i., pc for the adaptive Vpc control. The DC-link
voltage error signal (AVp ), which is the difference between the reference Vp* and
the sensed Vpc, would be input into two proportional controllers to generate the DC
active and reactive feedback control signals (APpc and AQpc) [13]. AQy. is used to
step change the DC-link voltage during the start-up process, while the APp ¢ is used
to maintain the DC-link voltage as its reference due to the system loss, in which the
DC-link voltage control with feedback both active APpc and reactive AQpc
components [13, 14, 16] can achieve both the start-up DC-link voltage
self-charging function, maintaining the DC-link voltage and perform dynamic
reactive power compensation simultaneously. Similar as the setting of the two
controllers in [13], in order to simplify the control process, APpc and AQpc are
actually calculated by the same controller, i.e. K, = K, and AQpc = =APpc. Then
APpc and AQpc would be input to the three-phase instantaneous p-q theory [35] to
generate the DC-link voltage feedback compensating current signal (i., pc), which
is used to update the reference i, * in the active VSI block in order to adaptively
control the DC-link voltage of the TCLC-HAPF.

7.5 Simulation Case Studies

In this section, simulation case studies of the TCLC-HAPF compensation are
executed by using the PSCAD/EMTDC platform. The parameters of the
TCLC-HAPF system used in the simulations are summarized in Table 7.3, and the
maximum inductive and capacitive reactive power provided by the TCLC part is
Ocx tcrcfoy = 90°) = 647var and Q.. rcrcfo, = 180°) = —633var.

To verify the proposed V¢ calculation method and adaptive V¢ control for the
TCLC-HAPF, two different balanced loading simulation case studies are per-
formed, namely: Sect. 7.5.1 under the TCLC part reactive power compensation
range and Sect. 7.5.2 over the TCLC part reactive power compensation range.

Forunder compensation case, the load varies from Load 1 to Load 2, the load reactive
power changes from 70var to 103var, which is within the designed compensation range
of the TCLC part of the TCLC-HAPF (=633var < Q.. rcrcA%) < 647var). Moreover,
the simulated TCLC-HAPF compensation performances with the proposed adaptive
Vpc control will be compared with the conventional fixed V¢ controlled case.

Table 7.3 System and TCLC-HAPF parameters

Parameters Physical values
System f Vo Ly 50 Hz, 110 V, 0.5 mH
TCLC-HAPF L., Lpr, Cpr, Cpc 2.5 mH, 30 mH, 160 pF, 3300 uF
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For the over compensation case, when the Load 2 and Load 3 are connected to
the system, the load reactive power rises to 936var, which is outside the TCLC part
compensation range, the adaptive V¢ control can also help to increase the Ve
level to ensure the excessive load reactive power compensation.

7.5.1 Under Compensation by Adaptive
Vpc Controlled TCLC-HAPF

Figure 7.6 shows the three-phase simulated system voltage and current before
TCLC-HAPF compensation during Load 1 varying to Load 2. Table 7.4 summa-
rizes the corresponding simulation results before the TCLC-HAPF compensation.
When Load 1 is connected, the three-phase simulated total harmonic distortion
(THDi,,) of the source current (i) is 27.9% and source power factor (PF,) is 0.96.
When Load 2 is connected, the THDi,, is 27.5% and PF, is 0.96, in which both
THDi, cannot satisfy the IEEE Standard [36].

The calculated minimum Vp values for compensating Load 1 and Load 2 by
using the conventional FFT and the proposed methods are listed in Table 7.5,
where the Vpc calculated by the proposed method can cover the Vpc value cal-
culated by the conventional method, and the difference between them is small,
which verifies the proposed minimum Vp calculation method.

Load 1 to 2 (inductive nonlinear loads connected) ——

| PF=0.96, THDi.~ 27.9% | Ve i X10 PF=0.96, THDi,=27.5%

e (V) & i(A)

Load changes

Ve (V)
®
I [ ]
&
o

0 ¥
0 40ms

80ms 120ms 160ms 200ms

Time (s)

Fig. 7.6 Simulated system voltage and current before TCLC-HAPF compensation during under
compensation case (Load 1 varying to Load 2)
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Table 7.4 Simulation results before TCLC-HAPF compensation during under compensation case

Case Phase ix (A) THD;,, (%) Oy (var) PF,
Load 1 a, b, c 6.69 27.9 70 0.96
Load 2 a, b, c 9.03 27.5 103 0.96

Table 7.5 Simulated adaptive V¢ levels of the TCLC-HAPF during under compensation case

Conventional method with FFT Proposed method Final reference
Case Required Vpe Required Ve Ve level
Load 1 248 V 26.1 V 30V
Load 2 322V 337V 40V

-— Load 1 (inductive nonlinear load connected) @——

PF=0.96, THDi,= 27.9% | PF=0.99, THDi,~= 8.0%
—~ 200 - i x]
< Vx Lsx |
= 100
% 0
S -100 )
= -200 4 |
|
= Vdc
140 - |
120 0
—~ 1001 |
% 801 TCLC-HAPF |
60 -
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20 A | /
0 |
0 " 40ms  8ms  120ms  160ms  200ms
Time (s)

Fig. 7.7 Simulated system voltage and current with the adaptive Vpc controlled TCLC-HAPF
compensation during starts operation at Load 1

The three-phase simulated system voltage and current with the proposed adap-
tive Vpc controlled TCLC-HAPF compensation is shown in Figs. 7.7 and 7.8, and
the corresponding compensation results are summarized in Table 7.6. Figures 7.7
and 7.8 show the adaptive Vpc controlled TCLC-HAPF during starts operation at
Load 1, and during Load 1 varying to Load 2. From Figs. 7.7 and 7.8, they show
that Vpc level is changing adaptively according to the load variations. Table 7.6
shows that the THD;,, decreases to less than 9% and the PF, is improved to 0.99
after the adaptive Vpc controlled TCLC-HAPF compensation, in which THDi,
satisfy the IEEE Standard [36].
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Fig. 7.8 Simulated system voltage and current with the adaptive Vp¢ controlled TCLC-HAPF
compensation during under compensation case (Load 1 varying to Load 2)

Table 7.6 Simulation results after adaptive Vpc controlled TCLC-HAPF compensation during
under compensation case

Case Phase ic (A) THD;,, (%) QO (var) PF,
Load 1 a, b, ¢ 6.71 8.0 11 0.99
Load 2 a, b, c 8.73 8.3 11 0.99

To compare with the adaptive Vp control method, a fixed Vp = 60 V control
is applied to the TCLC-HAPF. Figures 7.9 and 7.10 show the fixed V¢ controlled
TCLC-HAPF during starts operation at Load 1, and during Load 1 varying to Load
2. Table 7.7 summarizes the corresponding compensation results. The compensated
THD;,, decreases to less than 8% and the PF, is improved to 0.99 after the fixed
Vpc controlled TCLC-HAPF compensation. Compared Fig. 7.10 with Fig. 7.8, the
fixed and adaptive DC voltage control can obtain similar steady-state compensation
results. But the proposed control strategy solely requires lower DC voltage levels
for compensation. Moreover, Fig. 7.11 shows the compensating current ., of phase
a and its frequency spectrum with THD values for the fixed and proposed adaptive
Vpe controlled TCLC-HAPF. From Fig. 7.11, i., of the adaptive Vpc control
method obtains lower switching noise than the fixed Vpc case.

Based on the above simulation results, they show that the TCLC part can
compensate the load reactive power, and the Vpc provided by the VSI of the
TCLC-HAPF can deal with the harmonic current problem. Figures 7.6, 7.7, 7.8,
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<«———— Load 1 (inductive nonlinear load connected)

i *10 PF=0.99, THDi = 6.4%

Ve (V) & i(A)

801 TCLC-HAPF
operates

Voc(V)

Fig. 7.9 Simulated system voltage and current with the fixed Vpc controlled TCLC-HAPF
compensation during starts operation at Load 1

<«—— Load 1 to 2 (inductive nonlinear loads connected) ———
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Fig. 7.10 Simulated system voltage and current with the fixed Vpc controlled TCLC-HAPF
compensation during under compensation case (Load 1 varying to Load 2)
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Table 7.7 Simulation results after fixed Vpc =60 V controlled TCLC-HAPF compensation
during under compensation case

Case Phase Ixx (A) THDisx (%) stf (Va.I') Pst
Load 1 a, b, c 6.76 6.4 20 0.99
Load 2 a, b, c 8.77 7.4 26 0.99
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Fig. 7.11 Simulated i, and its frequency spectrum with a fixed Vp¢ for Load 1, b adaptive Vpe
control for Load 1, ¢ fixed Vp¢ for Load 2, and d adaptive Vp control for Load 2

7.9, 7.10 and 7.11, verify (i) the proposed minimum Vp calculation method and
(ii) the adaptive V¢ controlled TCLC-HAPF can adaptively change V¢ to obtain
lower switching noise and similar compensation performances compared with the
fixed Vpc case.
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7.5.2 Over Compensation by Adaptive Vi Controlled
TCLC-HAPF

Figure 7.12 shows the three-phase simulated system voltage and current before
TCLC-HAPF compensation during Load 2 varying to Load 2 + Load 3. Table 7.8
summarizes the corresponding simulation results for Load 2 + Load 3 before the
TCLC-HAPF compensation. When Load 2 + Load 3 are connected to the system,
the three-phase simulated THDi,, becomes 16.4% and PF, becomes 0.79, in which
THDi, cannot satisfy the IEEE Standard [36].

The calculated required minimum Vp values for compensating Load 2 + Load
3 case is listed in Table 7.9. Figure 7.13 shows the three-phase simulated system
voltage and current with the proposed adaptive Vpc controlled TCLC-HAPF
compensation and Table 7.10 summarizes the corresponding compensation results.
When Load 2 + Load 3 are connected to the system, the Vpc level adaptively
changes from 40 to 120 V according to the load condition, the THDi,, and PF,, are
compensated to 4.0 and 0.99%, respectively.

<«—— Load 2 to 2+3 (inductive nonlinear loads connected) ———»

PF=0.96, THDi .= 27.5% Vy i, %10 PF=0.79, THDi,=16.4%

200 A

e (V) & i(A)

R4
o o
o o
1 1

= Vdc

140 ~
120 4
100
80
60
40 A
20 A

Load changes

Ve (V)

0 40ms 80ms 120ms 160ms 200ms

Time (s)

Fig. 7.12 Simulated system voltage and current before TCLC-HAPF compensation during over
compensation case (Load 2 varying to Load 2 + 3)

Table 7.8 Simulation results before TCLC-HAPF compensation during over compensation case

Case Phase I, (A) QOyr (var) PF, THD;, (%)
Load 2 + Load 3 a, b, c 14.4 936 0.79 16.4
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Table 7.9 Simulated adaptive Vpc level of the TCLC-HAPF during over compensation case

Case Required Vpe Vpe level
Load 2 + Load 3 1195V 120 V

<+— Load 2 to 2+3 (inductive nonlinear loads connected) ———

200 | PF=0.99, THDisx=' 8.3% Ve i X10 PF=0.99, THDi, = 4.0%
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Fig. 7.13 Simulated system voltage and current with the adaptive Vp¢ controlled TCLC-HAPF
compensation during over compensation case (Load 2 varying to Load 2 + 3)

Table 7.10 Simulation results after adaptive Vpc controlled TCLC-HAPF compensation during
over compensation case

Case Phase I, (A) Oy (var) PF, THD;, (%)
Load 2 + Load 3 a, b, ¢ 11.8 89 0.99 4.0

According to the simulation results of the over compensation case, when the
TCLC part of the TCLC-HAPF cannot provide sufficient reactive power to the
loads, the proposed adaptive Vpc control method can also dynamically increase
the V¢ level to increase the TCLC-HAPF reactive power compensation range.

Figures 7.12 and 7.13 and Tables 7.8, 7.9 and 7.10 verify that the adaptive V¢
controlled TCLC-HAPF can dynamically compensate the reactive power and
suppress the current harmonics when the load reactive power falls outside the
TCLC part compensation range.
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7.6 Experimental Results

The following experimental results are performed on an 110 V-5 kVA three-phase
three-wire TCLC-HAPF laboratory prototype. The control system of the
TCLC-HAPF is composed of two paralleled DSP-TMS320F2812s to separately
control the TCLC part and the active inverter part. For the TCLC part, the thyristor
modules are SanRex PK110FG160. For the active inverter part, the insulated gate
bipolar transistors (IGBTs) are PM300DSA60. The system and the TCLC-HAPF
parameters as shown in Table 7.3 are also used for the experimental testing.
However, owing to the current limitation of the laboratory prototype, only under
compensation case will be tested in this section. The adaptive DC-link voltage
controlled TCLC-HAPF is verified in the following two parts: Sect. 7.6.1 the
dynamic performance of the TCLC-HAPF according to the load variation (Load 1
varies to Load 2); Sect. 7.6.2 the comparison of the VSI switching noise and
switching loss with the fixed Vpc controlled TCLC-HAPF.

Figure 7.14 shows the three-phase experimental system voltage and current
before the TCLC-HAPF compensation during Load 1 varying to Load 2, and
Table 7.11 lists the experimental results before the TCLC-HAPF compensation.
When Load 1 is connected, the three-phase THDi,, values are 24.5, 23.7 and
24.1%, and PF, values are 0.96, 0.96 and 0.96, respectively. When Load 2 is
connected, the three-phase THDi, are 23.2, 22.4, 22.8% and PF, values are 0.96,
0.96 and 0.96, respectively. And, the THDij, for both loadings cannot satisfy the
IEEE Standard [36].

- Load 1 to 2 (inductive nonlinear loads connected) @————»
PF=0.96, PF=0.96,

200 THD.sa- 24, 5% T Ty XT0 THD;5,=23.2%-1

-200 | PF= 095 " PF=0.96,
THD;sp=22.4% |

W

- PF=0.96;
THDso= 22.8% |

A

Va(V) & isa(A)
o

, b\ 1‘,, xlO

\d

Vb (V) &iy (A)

Ve (V) &ic (A)

Ve (V)
8

Load chﬁngés

o

L e ELL LIS Lt

~4035, Ins -3835. Ons

Fig. 7.14 Three-phase experimental system voltage and current before the TCLC-HAPF
compensation during Load 1 varying to Load 2
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Table 7.11 Experimental results before TCLC-HAPF compensation during Load 1 to Load 2

Case Phase ic (A) THD;, (%) Oy (var) PF,
Load 1 a 6.6 24.5 80 0.96
b 6.7 23.7 80 0.96
c 6.6 24.1 80 0.96
Load 2 a 8.7 232 110 0.96
b 8.5 224 110 0.96
c 8.5 22.8 110 0.96

Table 7.12 Experimental adaptive Vpc levels of the TCLC-HAPF during Load 1 and Load 2
cases

Case Required Vpe Vpe level
Load 1 251V 30V
Load 2 351V 40V

According to the proposed simplified minimum Vpc calculation method, the
required Vpc of the adaptive V¢ controlled TCLC-HAPF compensation for Load 1
and Load 2 are listed in Table 7.12.

7.6.1 Dynamic Performance of Adaptive V¢ Controlled
TCLC-HAPF to Load Variation

Figures 7.15 and 7.16 show the three-phase experimental system voltage and
current with the adaptive Vpc controlled TCLC-HAPF during starts operation at
Load 1, and during Load 1 varying to Load 2. The corresponding experimental
results after the adaptive Vpc controlled TCLC-HAPF compensation are summa-
rized in Table 7.13.

When Load 1 is connected, the Vp level rises to 30 V, the compensated THDi,
values become 7.9, 7.2, 7.5%. When Load 2 is connected, the V¢ level adaptively
changes to 40 V, the THDi,, values become 6.8, 5.8, 6.4%, in which the THDi,, values
for both loadings satisfy the IEEE Standard [36]. And the three-phase PF, values for
both Load 1 and Load 2 cases are improved to 0.99 after compensation. Figures 7.15
and 7.16 and Tables 7.11, 7.12, 7.13, 7.14 and 7.15 verify the adaptive Vp¢ control
method for TCLC-HAPF reactive power and current harmonics compensation.

7.6.2 Comparison with Fixed V¢ Controlled TCLC-HAPF

To compare with the adaptive Vpc control method, a fixed Vpc = 60 V control is
applied to the TCLC-HAPF. Figures 7.17 and 7.18 show the three-phase experi-
mental system voltage and current with the fixed Vpc controlled TCLC-HAPF
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Fig. 7.15 Three-phase experimental system voltage and current with the adaptive V¢ controlled
TCLC-HAPF compensation during starts operation at Load 1
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Fig. 7.16 Three-phase experimental system voltage and current with the adaptive V¢ controlled
TCLC-HAPF compensation during Load 1 varying to Load 2
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Table 7.13 Experimental Case Phase | I, THD,,, Qs PF,,
results after the adaptive Vpc (A) (%) (var)
controlled TCLC-HAPF
compensation during Load 1 Load a 6.8 79 20 0.99
to Load 2 1 b 6.8 7.2 10 0.99
c 6.8 7.5 10 0.99
Load a 8.8 6.8 20 0.99
2 b 8.7 5.8 20 0.99
c 8.8 6.4 30 0.99
Table 7.14 Experimental Case Phase | I, THD,,, Qs PF,,
results after fixed Vpce (A) (%) (vaf)
controlled TCLC-HAPF
compensation during Load 1 Load a 7.0 6.2 10 0.9
to Load 2 1 b 7.0 6.2 10 0.99
c 6.9 6.3 20 0.99
Load a 9.0 5.0 20 0.99
2 b 8.9 5.5 10 0.99
c 9.0 5.0 20 0.99
Table 7.15 Experimental Case Power loss (W)
VSI power loss between fixed - -
. Fixed Adaptive Vpe
and adaptive Vpc controlled V=60V
TCLC-HAPF during Load 1 bc =~
to Load 2 Load 1 141 W 117 W (Vpc =30 V),
117%
Load 2 147 W 120 W (Vpc =40 V),
118%

during starts operation at Load 1, and during Load 1 varying to Load 2 and
Table 7.14 summarizes the corresponding experimental compensation results. From
Table 7.14, it shows the three-phase THDi, values have been reduced to 6.2, 6.2,
6.3% for Load 1, and 5.0, 5.5, 5.0% for Load 2; and the PF,, is compensated to
above 0.99 after compensation, in which the THDij, values for both loadings satisfy
the IEEE Standard [36].

Moreover, Fig. 7.19 shows the compensating current i., of phase a and its
frequency spectrum with THD value for the fixed and proposed adaptive Vpc
controlled TCLC-HAPF. From Fig. 7.19, the i., of the adaptive Vpc controlled
TCLC-HAPF obtains lower switching noise than the fixed V¢ case.

Furthermore, referred to the VSI power loss calculation method in [36], the
experimental switching loss results for compensating Load 1 and Load 2 by the
fixed and adaptive Vpc controlled TCLC-HAPF are shown in Table 7.15. From
Table 7.15, the switching power loss can be reduced by 17 and 18% for Load 1 and
Load 2 by the adaptive Vpc control. Therefore, Fig. 7.19 and Table 7.15 verify that
the adaptive Vpc control method for TCLC-HAPF can reduce the switching noise
and switching loss and obtain similar steady-state compensation results in com-
parison with the fixed Vp¢ control method.
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Fig. 7.17 Three-phase experimental system voltage and current with the fixed Vpc controlled
TCLC-HAPF compensation during starts operation at Load 1
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Fig. 7.18 Three-phase experimental system voltage and current with the fixed Vpc controlled
TCLC-HAPF compensation during Load 1 varying to Load 2
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Fig. 7.19 Experimental ica and its frequency spectrum with a fixed Vpc =60 V for Load 1,
b adaptive V¢ control for Load 1, ¢ fixed Vpc = 60 V for Load 2, and d adaptive V¢ control for

Load

For the proposed control strategy, due to its final reference Vjc is varying at
different loading cases, the compensating performance is affected at each Vjp¢
varying. Compared with the fixed Vpc one, the adaptive one obtains a longer
settling time during both the loading and Vpc level varying case. Moreover, its
dynamic response will be sacrificed a little bit under an adaptive low DC operating

voltage.

7.7 Summary

In this chapter, the adaptive DC-link voltage controller for three-phase three-wire
TCLC-HAPF is proposed. Different from the conventional V¢ calculation method
based on the complicated FFT, the proposed Vpc calculation can significantly
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reduce a large number of calculation steps, thus simplify the Vpc calculation. On
the other hand, the proposed adaptive DC-link voltage control method for
TCLC-HAPF can achieve satisfactory compensation performance, low switching
loss and switching noise simultaneously. Finally, simulation and experimental
results verify both adaptive DC-link voltage controller and the proposed simplified
Vpc calculation method of TCLC-HAPF.
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Chapter 8 M)
Selective Compensation of Distortion, pas
Unbalanced and Reactive Power

of a Thyristor Controlled LC-Coupling

Hybrid Active Power Filter

(TCLC-HAPF)

Abstract When the loads required harmonic, unbalanced and reactive power is
beyond the limited capacity of a thyristor controlled LC-coupling hybrid active
power filter (TCLC-HAPF), the TCLC-HAPF with the conventional control
methods cannot provide satisfactory compensation performance. In this chapter, a
selective compensation control method is proposed for harmonic distortion,
unbalanced and reactive power of TCLC-HAPF. First, the proposed control method
decomposes the load power into fundamental positive-sequence reactive power,
fundamental negative-sequence power (unbalanced power) and harmonic power.
Then, the decomposed harmonic, unbalanced and reactive power can be selectively
or fully compensated based on the capacity of the TCLC-HAPF. Finally, simulation
and experimental results are provided to verify the effectiveness of the proposed
selective compensation control method for the TCLC-HAPF.

Keywords Selective compensation - Positive-sequence - Negative-sequence
Active power - Reactive power - Unbalance power - Voltage dip

Voltage fault - Thyristor controlled LC-coupling hybrid active power filter
(TCLC-HAPF)

8.1 Introduction

The smart grid, regarded as the next generation power grid, is considered as a
promising solution for energy crisis. However, the smart grid is interconnected with
different power grids, so that the different power quality problems can easily happen
in weak grid areas such as harmonic distortion, lower power factor, unbalanced
problem, voltage dip, voltage fault, etc. The continuous development of the dif-
ferent power quality compensators has favored the developing progress of the smart
gird. At the early stage, the passive power filters (PPFs) and static Var compen-
sators (SVCs) are used to solve power quality problems. The PPFs are designed for
harmonic current and fixed reactive power compensation. And, the SVCs are
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designed for dynamically reactive current and unbalanced power compensation [1].
However, both PPFs and SVCs are very sensitive to the voltage variation, and suffer
from the resonance problem. The active power filters (APFs) can be used for
solving the different power quality problems. However, their initial and operational
cost is high. To reduce the power capacity of the active inverter part, the hybrid
active power filters (HAPFs) have been proposed which combining PPFs or SVCs
in series/parallel with APFs (PPF + APFs [2-6], PPF//APFs [7, 8], SVC//APFs [9—
12] and SVC + APFs [13-17]). Among the different hybrid structures, the thyristor
controlled LC-coupling hybrid active power filter (TCLC-HAPF) [13-17] has the
distinctive characteristics of a much wider compensation range than the series
connected structures of PPF + APFs and a lower DC-link voltage than the parallel
connected structures of PPF//APFs and SVC//APFs.

The above mentioned APFs and HAPFs are normally designed as global filters
to compensate all the non-efficient power that is reactive, unbalanced and harmonic
power. However, due to the loads expansion and simultaneous operation of dif-
ferent loads, the global filters cannot provide satisfactory compensation perfor-
mance if the targeted non-efficient power are beyond the designed capacity of the
power filters. Therefore, it is suggested to selectively compensate then on-efficient
power components (reactive, unbalanced and harmonic power) when they are
excess the power filters compensation range [18-26]. In [18-20], different harmonic
selective compensation techniques are proposed. However, the reactive and
unbalanced power has not been taken into consideration among those works. In
[21], a selective compensation technique is proposed in distributed generators
(DGs) by inserting negative- and zero-sequence virtual impedances. However, the
harmonic component compensation is not taken into account in [21]. Steps beyond,
the selective compensation of non-efficient power components for APF have been
proposed by using the current decomposition approach [22, 23], equivalent con-
ductance approach [24] IEEE Std. 1459-2000 based approach [25] and linear matrix
inequalities (LMIs) approach [26]. However, all the above selective compensation
methods [18-26] are developed for APFs only. The selective compensation tech-
niques for HAPFs especially for SVC + APFs and SVC//APFs are still lack of
study. Moreover, the compensation performances under different voltage problem
conditions such as voltage fault and voltage dip are also being considered [18-26].
Therefore, this chapter aims to develop a selective compensation control method for
TCLC-HAPF to selectively or fully compensate harmonic distortion, unbalanced
and reactive power components based on its designed capacity.
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In the following, the circuit configuration of the three-phase three-wire
TCLC-HAPF is provided in Sect. 8.2. And, the basic power analysis of the pro-
posed selective compensation is illustrated in Sect. 8.3. Then, the proposed selec-
tive control compensation method for the TCLC-HAPF is presented in Sect. 8.4. To
verify the proposed selective control method, simulation case studies and repre-
sentative experimental results are presented in Sect. 8.5. Finally, a summary will be
drawn in Sect. 8.6.

8.2 Circuit Configuration of the TCLC-HAPF

Figure 8.1 shows the circuit configuration of TCLC-HAPF, where x stands for
phase a, b and c in the following analysis. v, and v, are the source and coupling
point voltage, i, i, and i, are the source, load and compensating current,
respectively. L is the transmission line impedance. The TCLC-HAPF consists of a
thyristor control LC (TCLC) part and an active inverter part.

The TCLC part is composed of a coupling inductor L., a parallel capacitor Cpr,
and a thyristor controlled reactor (TCR) with Lpr. The TCLC part provides a wide
and continuous fundamental reactive power and unbalanced power compensation
range, which is controlled by triggering the firing angles o of the thyristors [8].

it —
Vsb S Isp iLb

1] LS
Vsc i C.

=
w}—g
=L —

Loads

Fig. 8.1 Circuit configuration of the TCLC-HAPF
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The active inverter part is a voltage source inverter (VSI) which consists of a
DC-link capacitor Cpc and power switches IGBTs. The small capacity of the active
inverter part is used to compensate the harmonic power, avoid mistuning of the
firing angles and prevent the resonance problem of the TCLC part.

8.3 Power Analysis of the Proposed Selective
Compensation

According to IEEE Std. 1459 [27], the definition of three-phase total effective
apparent load power S, in terms of fundamental component and harmonic com-
ponent can be expressed as:

Si = Sil +S§h

2 2 2 a1 (8.1)
=3-Vu-In) + [(3 Vi I) BV 1)+ (3 Vi - ) }
where S7; and S;, are the fundamental and harmonic components of the load
apparent power. V;, I, V;;, and I, are the fundamental and harmonic components
of the load voltage and load current, respectively.
The fundamental S;; load apparent power in (8.1) can be decomposed into
positive-sequence component and unbalanced (negative) component [26, 27] as:

St = (Sﬂ)zJF(SUl)Z (8.2)

where S7; is the positive-sequence component and Sy, is the unbalanced compo-
nent of apparent power.

Furthermore, the positive-sequence component S7; in (8.2) can be decomposed
into active power and reactive power as:

(54)°= (P)* +(051) (8.3)

where P7; and Q7 are the fundamental load active power and reactive power.
Based on (8.1-8.3), the load apparent power can be expressed as:

Sp = (PL+1)2 + (QL+1)2 + (Su1)* + (Su)? (8.4)

In (8.4), the non-efficient power terms Qf;, Sy; and Sy, are supposed to be
compensated by the TCLC-HAPF. If those terms (QF;, Sy and S;,) are falling
within the TCLC-HAPF compensation range, the TCLC-HAPF can perform full
compensation and only P7; will be left in the system source side. However, if the
designed capacity (Sycrc.uapr) of the TCLC-HAPF cannot fully compensate all the
non-efficient power components, the selective compensation is needed to be per-
formed, the expression of the TCLC-HAPF capacity is given as:
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Fig. 8.2 Power flow of the proposed selective compensation
2 2 2
Stcrc—mapr = (ko - Q1)+ (ku - Svn)” + (ki - Sua) (8.5)

where kg, ki and ky are the compensation ratio of Of1, Sy and Sy, respectively.
After the TCLC-HAPF compensation, the apparent power at the system source side
can be expressed as:

S2=(PA)’ +[(1—ko) - 0 ) +[(1 —ku) -S>+ [(1 —kay) - Sl (8.6)

In (8.5) and (8.6), the kg, ky and ky € [0 1]. However, if St papr >
(QZG)Z + (SU1)2 + (SLh)Z, the TCLC-HAPF can perform full compensation with
ko=ky=ky=1 and Ss=Pf;. On the other hand, if S2¢;c ypr< (Q/7)° +
(Su1)* + (Szu)?, the selective compensation is needed with the tradeoff considera-
tion among kg, ky and k.

Based on the above discussions, the power flow of the proposed selective
compensation is illustrated in Fig. 8.2.

8.4 Proposed Selective Compensation Control Strategy
of TCLC-HAPF

The TCLC-HAPF consists of the TCLC part and active inverter part. The TCLC
part is controlled to provide a wide and continuous fundamental reactive power
(O71) and unbalanced power (S;;) compensation range [14]. The low capacity
active inverter part is mainly used to compensate the harmonic power (S;,) and also
help to improve the performance of the TCLC part by enlarging its power com-
pensation range. In the following, the control strategy of the TCLC-HAPF will be
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discussed in four parts: Sect. 8.4.1 active inverter part control, Sect. 8.4.2 TCLC
part control, Sect. 8.4.3 selection compensation of kg, ky; and kg, and D. the overall
control block.

8.4.1 Active Inverter Part Control

The compensation principle of the active inverter part is to generate a reference
compensating current i to the controller, which includes the components of kpQ7 1,
kySyr and kyS;,. By limiting the compensating current i, to track its reference
value i, the TCLC-HAPF can cancel the harmonic current, balance the system and
compensate the reactive power to certain degree.

For the unbalanced three-phase three-wire system, the instantaneous v, and i,
can be decomposed into the positive- and negative components by using notch filter
[28] as:

v ()] imape = To - e(®)li=abe = Tr - V2 (1)) xmane (8.7)
[lz;c (I)}x:a,b‘c - TZ . [iLx(t)]x:a,b.c - Tl . [igc(t)]x:a,b,c (88)
[izx(t)]x:a,b,c = T2 . [iu(l)].r:a,b,c + Tl : [igc(t)]x:a,b,c (89)

where v,(¢) and i, (¢) are the three phase load voltage and load current. vf () and
i?(f) can be obtained by delaying the v(r) and i,(r) by 90°. vi(¢) and i},(f) are
individual positive sequence of the load voltage and current of each phase, i7 (?) is
negative sequence of the load current. 7} and 7, can be expressed as:

. 0 1 -1
Ti=——- | -1 0 -1 (8.10)
V3 |1 1 o
| 1 —05 —05
T=3-|-05 1 05 (8.11)

-05 =05 1

After obtaining the v} (¢), if.(¢) and iz(¢), the three-phase positive sequence and
negative sequence of the active power and reactive power can be calculated as:

+ yt v+ l-+
P _ o p . Lo
] )L 612
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(8.13)

In (8.12) and (8.13), the positive and negative sequences of the current and

voltage in «-f§ plane are transformed from a-b-c frames by:

_ N _ +
v, 1 —1/2 —1)2 Ya
= . V.
vi |10 V32 —V3/2] vllr
L C
e - LTt
i) [t -2 —12] |k
igg| [0 V3/2 =32 |
L “Lc |
i _[1 -2 12 |
ig] [0 V32 —V3/2) |
L “Lc

where v (f) and if,(f) are obtained from (8.7) to (8.9).

Referring to Fig. 8.2, kQQZI, kuSyn and kySpy, can be obtained as:

ko -0/ =ko-(q)"

ku - Sui =ky A/ 1(p) T+ (@) T

kit - St = k- W 6T +1@ T +0) P+ 1@ T)

(8.14)

(8.15)

(8.16)

(8.17)

(8.18)

(8.19)

The detailed selection compensation of kg, ky and ky will be explained in
Sect. 8.4.3. By adding the scale factors (ky, ki and kg) into the reference current
calculation, the positive and negative compensating current in o-f plane can be

given as:

k- (p)

T
Va

+
Vg

HkQ'(qVJrkH'(fl)+

. {ku ()" +ku-(p)”
ku - (Q)" +ku - (q)

] (8.20)

] (8.21)
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The final reference current in a-b-c plane are transformed from o-ff plane by:

a 1 0 iy +icy
i | =5 |12 V32 || 2L S (8.22)
* cf T iep

i —1/2 —/3)2

w

The active inverter part is used to improve the TCLC part characteristic by
limiting the compensating current i., to track its reference value i:x. And the ic*x is
calculated by the above proposed method because it is valid for different voltage
and current conditions.

8.4.2 TCLC Part Control

The purpose of the TCLC part is to provide the reference compensating reactive
power Q... for each phase in order to compensate the reactive and unbalanced power
(kQQZI and kySy;) of the loading [14]. From the previous calculated reference
current i.,* which consists of the load reactive power, unbalanced and harmonic
current components (kQQZI, kySyr and kgySp,), with the help of single-phase
instantaneous p-q theory [29], v, and i *, the instantaneous reference compensating
reactive power g, in each phase can be calculated as:

* wp - D — D
ca b a 4 e
* _ ok %
a5l = 1w td[)) - vlb -1 (8.23)
* o -
9. Ve B0 — V0

where vy, i..* v2 and i, ** are the load voltage, reference compensating current and
their values delay by 90°. Then, the fundamental compensating reactive power
Qi ~ —q’,/2 can be obtained by using Goe in (8.23) and three low pass filters
(LPFs). With the calculated reference Q.,, the required TCLC part impedance can
be calculated as:

3V2(Q8— 05 —00) (05— —05) !
(01—05,—0:) ' +(05,—05—05) ' +(0:—05,—-05)

X,
3V2Q 00 —0u) (01 —05 —01) !
X — x ca” Yeb — Yec cc b Yea 8.24
b (00— 0o) "+ (0 0—0a) "+ (005 0i) | (8.24)
X

3V2(Q5 =05 —00) (05000t
| (Q5—05—02) " +(Q,—0—0:) " +(Q—05,—0z) ™"

where V, is the rms value of positive sequence phase voltage which can be
instantaneous calculated as:



8.4 Proposed Selective Compensation Control Strategy of TCLC-HAPF 189

vV, = ||v|\/\/§: v(jz—i—v;z—l—vjz/\/g (8.25)

Moreover, the expression of the TCLC impedances (X, X,,rand X, can also be
expressed in terms of TCLC passive components and firing angles (o) as:

X1, Xc
Xaf(aa) Xcpr 2n—20,4 -&F-,Fsin(‘?oca)]—nXLPF + X1,

X, Xc
be(ab) = Xcpp 2120, J‘rDFsin(P{O(b)]77[XLPF + XLC (826)
X (orc) "XLpp Xepp

Xcpp [2m—20c + sin(20, )| —7Xp. + XLr"

where X;pr, Xcpr, X are the reactance of Lpr, Cpr and L., respectively. The
required X, obtained from (8.24) is controlled by firing angle through (8.26).
However, the (8.26) does not have a closed-form solution. A look up table
(LUT) has been installed to directly obtain the firing angle o, with known X.. By
comparing the firing angle o, with the phase angle ¢y, v, of voltage between
TCLC part (V, — V,,p, the trigger signals to control TCLC part thyristors can be
obtained. The phase angle of voltage between TCLC part (V, — V,,) can be
expressed as:

0, —tan~! (7)(4 —Xyr )

goVafanf ﬁ<th+Xﬂf)
Ovprvnr | = | Op — tan™! (—2eEs_ (8.27)
Ve =vif | = P V3(Xey +Xy) ‘
Pvef—vnf _1 ( Xop—Xaor )
0, —tan™! (2L
V3(Xr +Xor) ) d tan-1 0[-90°,90°]

where the 0, is phase angle of load voltage V,, which can be obtained by using
phase lock loop (PLL). By comparing the o, with the @y,;_y,,, the trigger signals to
control the TCLC part thyristors can be obtained.

8.4.3 Compensation Priority Selection Among K¢,
kU and kH

In (8.17, 8.18), the koQ7 1, kyySy1 and kxSyy, can be calculated. If the load harmonic,
unbalanced and reactive power within the designed capacity of the TCLC-HAPF, the
below different power quality standards as shown in Table 8.1 can be satisfied
simultaneously. However, if the designed capacity of the TCLC-HAPF is insufficient,
the below power quality standards may not be satisfied at the same time, and their
compensation priority selection can be done by changing the gains (ko, ky; and kg).
The compensation priority mainly depends on (1) power quality standards [30-
34], (2) their effects and (3) their corresponding penalty. Table 8.1 summarizes the
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Table 8.1 Power quality standards, effects and penalty of harmonic, unbalanced and reactive
power problems

Harmonic Unbalanced power Reactive power (kQQZI)
power (kgSzn) | (kySu1)

Related International | IEEE Std IEEE Std 1159-2009 | N/A

standards 519-2014 [30] |[31]

China GB/T14595-93 | GB/T 15543-2008 Regulation of power
[32] [33] factor adjusting charge
GB755-87 [34] [35]
Requirements | THDv < 5% UF, < 0.5-2% PF > 0.8
THDi < 5— UF; < 10%
20%

Effects (1) Damage to | (1) Reduce the (1) Increase rating of
sensitive transmission transformer and
loads, efficiency, generator, and

(2) Resonance | (2) Increase power increase power loss
problem, loss and (2) Cause the voltage
(3) Increase temperature of drop, etc.
power loss, transformer, etc.
etc.

Penalty (GB Terminate Terminate electricity | Extra charge/cost

standards) electricity supply

supply

power quality standards, effects and penalty of harmonic, unbalanced and reactive
power problem [35].

Based on Table 8.1, if the harmonic current level is high, the harmonic sensitive
loads can easily get damaged. And, the resonance problem can also be caused by the
harmonic current. Moreover, if the harmonic current level of the customer loads
cannot satisfy Chinese standard GB/T14595-93 [32], the electricity company has the
right to terminate the electricity supply for that customer. In addition, the unbalanced
voltage and current can reduce the transmission efficiency and increase the power
loss and temperature of transformer, etc. According to Chinese standards GB/T
15543-2008 [33] and GB755-87 [34], the same penalty can be issued for unbalanced
problem. On the other hand, the penalty of reactive power problem in China is the
extra charge, which is not as strict as harmonic and unbalanced problem [35].

Based on the above analysis, the compensation priority has been assigned to the
gain of harmonics ky first, then to the gain of negative sequence k; and the last is
the reactive component gain kg in this chapter. Certainly, users can also define the
compensation priority and compensation portion of each non-efficient power by
themselves. The flow diagram to determine the gains (ko, ky and ky) of
TCLC-HAPF are given in Fig. 8.3.
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Fig. 8.3 The flowchart of
compensation priority StercHaprQui®, Sut, Stn

assignments of kg, ki and ky

Yes ku=1, ku =1,
kQ,=1

SteLc-HaPF? 2
L1"2+Sy12 +82

kH =1 y kU=1 y
ko= sart[(Stcic-Hapr?- P
Su1?-Stn?) 1 Qu1*2

ky =1, ko=0,
ku=sqrt[(SrcLc-
HAPF2-SLn?) / Syq?]

ky =0, k=0,
ky=sqrt[SrcLc.Hapr?/ Sin?]

P

Return <

In Fig. 8.3, if ky, ky and kp are equal to 1, the harmonic, unbalanced and
reactive power are fully compensated. In contrast, if kz, ki and kg are equal to O (no
compensation), the harmonic, unbalanced and reactive power are not compensated.
As shown in Fig. 8.3, if the TCLC-HAPF capacity S7c;c.yapr can compensate the
loading harmonic, unbalanced and reactive power simultaneously, ky = 1, kyy = 1
and kg = 1. If the Sycrc.mapr can fully support the harmonic and unbalanced power
compensation only, kg = 1, ky = 1 and kg < 1 (partial compensation). And if the
Stcrc.aapr can fully support the harmonic power compensation only, kg = 1,
ky < 1 and kg = 0. Otherwise, if the Szcrc.papr cannot fully support the harmonic
power compensation, ky < 1, kyy = 0 and ky = 0. Based on Fig. 8.3, the gains ko,
ky and ky can be obtained correspondingly.

8.4.4 Control Block of TCLC-HAPF

Figure 8.4 shows the TCLC-HAPF overall control block diagram with the proposed
selective compensation control strategy. Based on Fig. 8.4, it can be seen that the
proposed selective compensation control strategy consists of the active inverter part
control and the TCLC part control. The major connection between these two control
loops is the calculated reference compensating current i, *. The reference current
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Fig. 8.4 Control block of the proposed selective compensation control strategy of TCLC-HAPF

i * is calculated within the active inverter part control loop. And the target of the
active inverter part instantaneously limits the compensating current i., to track its
reference value i..*, which includes the unwanted components of the loading
fundamental reactive power (kQQzl), unbalanced power (kySy;) and harmonic
power (kyS;y). The trigger signals for the active inverter part are generated by
comparing the i, and i.,* through hysteresis current PWM method.

On the other hand, the TCLC part control loop extracts the fundamental power
component from the reference current i, *. With the extracted fundamental reactive
power of each phase, the required TCLC impedance can be calculated. Then, the
corresponding trigger signals for the TCLC part can be generated based on the
calculated TCLC impedance.
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8.5 Simulation and Experimental Verifications

To verify the proposed selective compensation control method among distortion,
unbalanced and reactive power of the TCLC-HAPF, PSCAD simulation verifications
are carried out to investigate the system performance under different voltage and
current conditions. Moreover, a laboratory-scaled hardware prototype is also con-
structed to obtain the experimental results. The simulation and experimental system
parameters for TCLC-HAPF power quality compensation are shown in Table 8.2.
The TCLC part is used to provide the kpQ7; and kySy; compensation.
Therefore, the total amount of the kpQr; and kySy; provided by the TCLC part is
given by:
v v

’ XL XC
XTCLC (O(X) Xepp [21—20, fpsi;gxk)]anLPF + XL:
(8.28)

Sreres = 3+ Qex_terer () =3

where V, is the rms value of load voltage, X;_, X;,, and Xc,, are the reactance of
L., Lpr and Cpp, respectively. When both thyristors are turned off for the whole
fundamental period (firing angle o, = 180°), the TCLC part can provide the max-
imum capacitive compensating reactive power O xaaxcap)- On the other hand, when
one of the thyristors is alternately turned on for half of the fundamental period
(firing angle o, = 90°), the TCLC part can provide the maximum inductive com-
pensating reactive power O xwaxingy 8 % = 90°. With the system parameters as
shown in Table 8.2 and (8.28), the fundamental compensating reactive power range
can be plotted in Fig. 8.5.

From Fig. 8.5, the maximum koQp,+ and kySy, power provided by the TCLC
part are Srcrct max = —3 * 630 var = —1.89 kvar for inductive loading compen-
sation and  S7crcfmex = 3 * 600 var = 1.80 kvar  for capacitive loading
compensation.

Based on the capacity of the hardware components, the active inverter part is
designed to be S,., = 0.6 kVA, which is mainly used for harmonic compensation
and enlarging the kpQ7,; and kySy;, compensation range. In the following simula-
tion and experimental case studies, the maximum capacity of TCLC-HAPF is:

StcLc-HaPF = \/Szrcwf_max +S2, (8.29)

Table 8.2 Simulation and experimental parameters for power quality compensation

Parameters Physical values
System parameters Vo f 110 V, 50 Hz
TCLC-HAPF parameters L., Lpr, Cpr 5 mH, 30 mH, 160 uF
Cpe, Ve 5 mF, 80 V




194 8 Selective Compensation of Distortion, Unbalanced ...

Fig. 8.5 The relationship 800
between the firing angle and O iri
the compensating reactive 600 ArRind
power 200
EE 200 \\\\\
S N\
~ 0 \
%
S AN
-200 \
-400 AN
\\ ch( MaxCap)
-600 P~
-800

90 100 110 120 130 140 150 160 170 180
ax (degree)

Based on (8.29) and the above analysis, the maximum capacity of TCLC-HAPF
is designed to be Sycrc.papr = 1.98 kVA for inductive loading compensation and
Stcrc.napr = 1.90 kVA for capacitive loading compensation. In this chapter, with
reference to the IEEE standard 519-2014 [30], the voltage THD,, is required to be
lower than 8% for the laboratory-scaled low voltage application in this chapter
(<1 kV). For the IEEE standard 519-2014 [29], the acceptable Total Demand
Distortion (TDD) < 12% with Igo/Ip is in 50 < 100 scale (a small rating
110 V-5 kVA experimental prototype). The nominal rated current is assumed to be
equal to the fundamental load current at the worst case analysis, which results in
THD = TDD < 12%. Therefore, this chapter evaluates the TCLC-HAPF current
harmonics compensating performance by setting an acceptable THDi,, < 12%.

8.5.1 PSCAD Simulations

The purpose of the simulation studies is to verify the conventional method [14]
cannot provide satisfactory compensation results if the load non-effective power are
beyond the limited capacity of TCLC-HAPF (in Fig. 8.6). With the same load, the
proposed selective compensation method for TCLC-HAPF can selectively com-
pensate distortion, unbalanced and reactive power components with the satisfactory
results (in Fig. 8.7). Also, the proposed selective compensation method is verified
under voltage dip situation (in Fig. 8.8). The detailed compensation results are
given in Table 8.3.

In Fig. 8.6 and Table 8.3, the TCLC-HAPF with conventional method [14] can
compensate the reactive power to 154, 64 and 44 var from 756, 809 and 346 var,
and the source power factor (PF) has been improved to 0.96 from 0.57 for worst
phase. However, the THD;,, has been compensated to 21.1, 27.2 and 13.3%, which
cannot satisfy the IEEE standard 519-2014 [30]. This is due to the load
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Fig. 8.6 Simulated distortion, unbalanced and reactive power compensation performances by the
conventional control strategy [14] of TCLC-HAPF

non-effective power is beyond the limited capacity of TCLC-HAPF. On the other
hand, from Fig. 8.7 and Table 8.3, it can be seen that the proposed selective
compensation method for TCLC-HAPF can selectively compensate distortion,
unbalanced and reactive power components. For harmonic compensation (ky = 1,
ky =0, kg = 0), the source active power and reactive power before and after the
TCLC-HAPF compensation are basically keeping the same level. And the current
unbalanced factor (UF)) is still larger than >40% after compensation. However, the
source current THD;,, has been compensated to 2.8% from the original 24.5%
(worse phase among phase a, b and c¢). For harmonic and unbalanced compensation
(kg =1, ky = 1, kg = 0), the unbalanced factor (UF;) is reduced to 1.2% from the
original 41.6%. And the source Q,, and P, of each phase become the same.
Meanwhile, the source current THD;, has been compensated to be lower than 5%.
For the proposed selective compensative method (ki = 1, ky = 1, kg = 0.85), the
power factor (PF) and UF; are improved to 0.98 and 1.1, respectively. And, the
THD;,, is compensated to 5.9%. In addition, there is still remaining Q,, value which
is due to the gain ky = 0.85 instead of kp = 1.
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Fig. 8.7 Simulated distortion, unbalanced and reactive power compensation performances by the
proposed selective compensation control strategy of TCLC-HAPF

FromFig. 8.8 and Table 8.3, itcan be seen that the positive sequence of load voltage
vy can be instantaneous extracted by using (8.7). The source current PF and THD;,, can
be compensated to 0.99 and 2.7% (worse phase) even during the voltage dip condition.

8.5.2 Experimental Results

An experimental prototype of three-phase three-wire TCLC-HAPF is constructed in
the laboratory. The control system has the sampling frequency of 25 kHz. The
switching devices for the active inverter part are Mitsubishi IGBTs
PM300DSA060. And, the switching devices for the TCLC part are thyristors
SanRex PK110FG160. Moreover, the experimental parameters of the TCLC-HAPF
and the test loads are approximately the same as the simulation studies in Table 8.2.

Figure 8.9 shows the experimental waveforms of the load voltage and source
current before and after the TCLC-HAPF compensation with the proposed selective
compensation method (kg = 1, kyy = 1, kg = 0.85). Figures 8.10, 8.11, and 8.12 give
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Fig. 8.8 The waveforms of the load voltage, positive sequence vi and source current by the
proposed selective compensation control strategy of TCLC-HAPF during voltage dip

Table 8.3 Simulation compensation results of the proposed selective compensation method for
TCLC-HAPF

Phase THD;s (%) QOs.(var) PF UFi(%)
a 15.1 756 0.89
Before Compensation b 21.5 809 0.57 41.6
c 24.5 346 0.81
a 21.1 154 0.99
Conventional Method [15] b 27.2 64 0.96 12.0
c 13.3 44 0.96
Proposed Method - Harmonic a 1.5 744 0.92
Compensation b 2.8 800 0.59 44.1
(ki =1, k=0, kp=0) c 2.6 330 0.83
Proposed Method - Harmonic & a 2.3 612 0.81
Unbalanced Compensation b 4.6 610 0.81 1.2
(ki =1, k=1, kp=0) c 4.8 620 0.81
Proposed Selective Compensation a 4.0 120 0.98
(ki =1, k=1, kg=0.85) b 3.9 124 0.98 L1
c 5.9 118 0.98
Proposed Selective Compensation a 2.3 7 0.9
during Voltage Dip b z7 9 0.99 12
c 2.5 8 0.99

Note The shaded area means unsatisfactory results
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Fig. 8.9 The experimental waveforms of the load voltage and source current before and after
TCLC-HAPF compensation with the proposed selective compensation method (kg = 1, ky = 1,

ko = 0.85)
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Fig. 8.10 Experimental results of dynamic performance before and after the TCLC-HAPF
compensation with the proposed selective compensation method (ky = 1, ky = 1, ko = 0.85):
a source active power P, and b source reactive power Q,,
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Fig. 8.11 Experimental phasor diagrams of source voltage and current a before compensation
b after the TCLC-HAPF compensation with the proposed selective compensation method (kg = 1,

kU = 1, kQ = 085)
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Fig. 8.12 Experimental current harmonic spectrums of source current a before compensation
b after the TCLC-HAPF compensation with the proposed selective compensation method (kg = 1,
ky =1, kg = 0.85)

the experimental results of the source power (P, and Qj,), phasor diagrams and
source current harmonic spectrum, respectively.

From Fig. 8.9, it can be seen that after TCLC-HAPF compensation with the
proposed selective compensation method, the source current iy, and the coupling
point voltage v, are basically in phase with each other. The source power factors
(PFs) are compensated to 0.98 from the original 0.80, 0.86 and 0.86. From
Fig. 8.10, the source P, and Qy, in each phase are compensated to about the same
(790 W and 160 var) from the original 900, 530 and 780 W for Py, and 730, 800
and 460 var for Q,,. And, the remaining Q. is due to ky = 0.85 setting. Figure 8.11
shows that the magnitude of i, and phase angle between of v, and i, of each phase
become approximately the same. From Fig. 8.12, it can be seen that the source
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current THD,,, are improved from 20.1 to 10.5% for the worst phase. From
Table 8.4, the UF; is reduced to 1.3% from the original 32.2%.

Figure 8.13 show the more detail waveforms of source current, compensating
current, capacitor (Cpp) current, inductor (Lpg) current and DC-link voltage by
using the proposed selective compensation method before and after compensation.
Table 8.4 summarizes the corresponding experimental results.

Table 8.4 Experimental compensation results of the proposed selective compensation method for

TCLC-HAPF
Phase THD,(%) | THD;x:(%) | Qs (var) PF UFi(%)

Before Compensation a 4.5 144 730 0.80
(Fig. 8.9) b 4.5 17.3 800 0.60 322

c 4.6 20.1 460 0.86

Proposed Selective a 33 9.6 160 0.98
Compensation b 3.5 10.1 170 0.98 1.3

(ki =1, kv=1, kg=0.85) c 34 10.5 160 0.98

Before Compensation 4 4.5 22.7 210 0.63
(Fig. 8.13) b 4.5 22.4 290 0.89 29.4

c 4.6 14.5 540 0.78

Proposed Selective a 32 9.4 50 0.99
Compensation b 3.1 10.5 50 0.99 3.6

(ki =1, kv=1, ko=1) c 3.1 10.5 40 0.99

Note The shaded area means unsatisfactory results
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Fig. 8.13 The waveforms of source current, compensating current, capacitor (Cpr) current,
inductor (Lpr) current and dc-link voltage by using the proposed selective compensation method

before and after compensation
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Comparing the simulation results as in Table 8.3 with the experimental results as
in Table 8.4, there are differences between simulation and experimental results,
which are actually due to the difference of component parameters, the resolution of
the transducers, the digital computation error and the noise in the experiments. In
addition, a small capacity of isolation transformer used in the laboratory also causes
larger voltage distortion than the simulation case, which deteriorates the compen-
sation results. Therefore, those factors will affect the TCLC-HAPF compensation
performance during experiments.

8.6 Summary

In this chapter, a selective compensation control strategy for distortion, unbalanced
and reactive power has been proposed for the TCLC-HAPF. The proposed control
method can selectively or fully compensate the non-efficient power based on the
limited capacity of the TCLC-HAPF. According to simulation and experimental
results, it can be proved that the proposed selective control method can successfully
decompose the load power into fundamental positive-sequence reactive/active
power, fundamental negative-sequence power (unbalanced power) and harmonic
power. And the discomposed power components can be selectively or fully
compensated.

References

1. L. Wang, C.S. Lam, M.C. Wong, Design of a thyristor controlled LC compensator for
dynamic reactive power compensation in smart grid. IEEE Trans. Smart Grid 8(1), 409417
(2017)

2. Y. Liu, W. Wu, Y. He, Z. Lin, F. Blaabjerg, H.S.H. Chung, An efficient and robust hybrid
damper for LCL- or LLCL-based grid-tied inverter with strong grid-side harmonic voltage
effect rejection. IEEE Trans. Ind. Electron. 63(2), 926-936 (2016)

3. L. Wang, C.S. Lam, M.C. Wong et al., Non-linear adaptive hysteresis band pulse-width
modulation control for hybrid active power filters to reduce switching loss. IET Power
Electron. 8(11), 2156-2167 (2015)

4. Z. Shuai, A. Luo, J. Shen, X. Wang, Double closed-loop control method for injection-type
hybrid active power filter. IEEE Trans. Power Electron. 26(9), 2393-2403 (2011)

5. LR. Limongi, L.R. da Silva Filho, L.G.B. Genu, F. Bradaschia, M.C. Cavalcanti,
Transformerless hybrid power filter based on a six-switch two-leg inverter for improved
harmonic compensation performance. IEEE Trans. Ind. Electron. 62(1), 40-51 (2015)

6. R.B. Gonzatti, S.C. Ferreira, C.H. da Silva, R.R. Pereira, L.E. Borges da Silva, G.
Lambert-Torres, Smart impedance: a new way to look at hybrid filters. IEEE Trans. Smart
Grid 7(2), 837-846 (2016)

7. A.Luo, S. Peng, C. Wu, J. Wu, Z. Shuai, Power electronic hybrid system for load balancing
compensation and frequency-selective harmonic suppression. IEEE Trans. Ind. Electron. 59
(2), 723-732 (2012)



202

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

8 Selective Compensation of Distortion, Unbalanced ...

E. Durna, I. Yilmaz, M. Ermis, Suppression of time-varying interharmonics produced by
medium-frequency induction melting furnaces by a HAPF system. IEEE Trans. Power
Electron. 32(2), 1030-1043 (2017)

. J. Dixon, Y. del Valle, M. Orchard, M. Ortuzar, L. Moran, C. Maffrand, A full compensating

system for general loads, based on a combination of thyristor binary compensator, and a
PWM-IGBT active power filter. IEEE Trans. Ind. Electron. 50(5), 982-989 (2003)

B. Chen, C. Zhang, C. Tian, J. Wang, J. Yuan, A hybrid electrical magnetic power quality
compensation system with minimum active compensation capacity for V/V cophase railway
power supply system. IEEE Trans. Power Electron. 31(6), 4159-4170 (2016)

A. Luo, Z. Shuai, W. Zhu, Z.J. Shen, Combined system for harmonic suppression and reactive
power compensation. IEEE Trans. Ind. Electron. 56(2), 418-428 (2009)

S.Y. Lee, C.J. Wu, Reactive power compensation and load balancing for unbalanced
three-phase four-wire system by a combined system of an SVC and a series active filter. Proc.
Inst. Elect. Eng. Elect. Power Appl., 147(6), 563-578 (2000)

S. Rahmani, A. Hamadi, K. Al-Haddad, A combination of shunt hybrid power filter and
thyristor-controlled reactor for power quality. IEEE Trans. Ind. Electron. 61(5), 2152-2164
(2014)

L. Wang, C.S. Lam, M.C. Wong, An unbalanced control strategy for a thyristor controlled
LC-coupling hybrid active power filter (TCLC-HAPF) in three-phase three-wire systems.
IEEE Trans. Power Electron. 32(2), 10561069 (2017)

L. Wang, C.S. Lam, M.C. Wong, A hybrid-STATCOM with wide compensation range and
low DC-link voltage. IEEE Trans. Ind. Electron. 63(6), 3333-3343 (2016)

L. Wang, C.S. Lam, M.C. Wong, Hardware and software design of a low dc-link voltage and
wide compensation range thyristor controlled LC-coupling hybrid active power filter, in
TENCON 2015 IEEE Region 10 Conference Proceedings (Nov 2015)

L. Wang, C.S. Lam, M.C.W. Wong, Modeling and parameter design of thyristor controlled
LC-coupled hybrid active power filter (TCLC-HAPF) for unbalanced compensation. IEEE
Trans. Ind. Electron. 64(3), 1827-1840 (2017)

M. Aleenejad, H. Mahmoudi, P. Moamaei, R. Ahmadi, A new fault-tolerant strategy based on
a modified selective harmonic technique for three-phase multilevel converters with a single
faulty cell. IEEE Trans. Power Electron. 31(4), 3141-3150 (2016)

J. He, Y.W. Li, R. Wang, C. Wang, A measurement method to solve a problem of using dg
interfacing converters for selective load harmonic filtering. IEEE Trans. Power Electron. 31
(3), 1852-1856 (2016)

Y. Zhang, Y.W. Li, N.R. Zargari, Z. Cheng, Improved selective harmonics elimination
scheme with online harmonic compensation for high-power PWM converters. IEEE Trans.
Power Electron. 30(7), 3508-3517 (2015)

X. Zhou, F. Tang, P.C. Loh, X. Jin, W. Cao, Four-leg converters with improved common
current sharing and selective voltage-quality enhancement for islanded microgrids. IEEE
Trans. Power Del. 31(2), 522-531 (2016)

B. Singh, V. Verma, J. Solanki, Neural network-based selective compensation of current
quality problems in distribution system. IEEE Trans. Ind. Electron. 54(1), 53-60 (2007)

B. Singh, V. Verma, Selective compensation of power-quality problems through active power
filter by current decomposition. IEEE Trans. Power Del. 23(2), 792-799 (2008)

S. Orts-Grau et al., Selective compensation in four-wire electric systems based on a new
equivalent conductance approach. IEEE Trans. Ind. Electron. 56(8), 2862-2874 (2009)

S. Orts-Grau et al., Selective shunt active power compensator applied in four-wire electrical
systems based on IEEE Std. 1459. IEEE Trans. Power Del. 23(4), 2563-2574 (2008)

J.C. Alfonso-Gil, E. Pérez, C. Arino, H. Beltran, Optimization algorithm for selective
compensation in a shunt active power filter. IEEE Trans. Ind. Electron. 62(6), 3351-3361
(2015)

IEEE Standard Definitions for the Measurement of Electric Power Quantities Under
Sinusoidal, Nonsinusoidal, Balanced, or Unbalanced Conditions, IEEE Std 1459-2010
(Revision IEEE Std 1459-2000), pp. 1-52 (2010)



References 203

28.

29.

30.

31

32.

33.

34.

35.

D. Yazdani, M. Mojiri, A. Bakhshai, G. JoOs, A fast and accurate synchronization technique
for extraction of symmetrical components. IEEE Trans. Power Electron. 24(3), 674684
(2009)

V. Khadkikar, A. Chandra, B.N. Singh, Generalized single-phase p-q theory for active power
filtering: simulation and DSP-based experimental investigation. IET Power Electron. 2, 67-78
(2009)

IEEE Recommended Practices and Requirements for Harmonic Control in Electrical Power
Systems, IEEE Standard 519-2014, June 2014

IEEE Recommended Practice for Monitoring Electric Power Quality, IEEE Std. 1159-2009,
June 2009

Standardization Administration of the People’s Republic of China, GB/T 14549-1993 Power
quality — Harmonics in public supply network (China Electric Power Press, Beijing, 1993)
Standardization Administration of the People’s Republic of China, GB/T 15543-2008 Power
quality—Three-phase voltage unbalance (China Electric Power Press, Beijing, 2008)
Standardization Administration of the People’s Republic of China, GB755-87 Rotating
electrical machines—rating and performance (China Electric Power Press, Beijing, 1987)
Ministry of Water Resources and Electric Power of China, Regulation of Power Factor
Adjustment Charge (China Electric Power Press, Beijing, 1983)



Chapter 9 M)
Implementation of a 110 V-5 kVA Gae
Three-Phase Three-Wire of Thyristor
Controlled LC-Coupling Hybrid Active

Power Filter (TCLC-HAPF)

Experimental Prototype

Abstract This chapter presents the hardware and software design of an
110 V-5 kVA three-phase three-wire Thyristor Controlled LC-Coupling Hybrid
Active Power Filter (TCLC-HAPF). The overall system configuration and experi-
mental setups of the TCLC-HAPF are presented firstly. Then, the hardware design
of TCLC-HAPF is introduced, including: the thyristor and IGBT drivers, the
transducer with signal conditioning circuits. After that, the software design of
digital control system of the TCLC-HAPF is presented. Finally, the performance of
the designed TCLC-HAPF hardware prototype under different voltage and current
conditions is verified by experimental results.

Keywords Digital signal processor (DSP) - Insulated gate bipolar translator
(IGBT) - Current harmonics - Thyristor controlled LC-coupling hybrid active
power filter (TCLC-HAPF)

9.1 Introduction

In this chapter, an 110V 5-kVA three-phase three-wire Thyristor Controlled
LC-Coupling Hybrid Active Power Filter (TCLC-HAPF) experimental prototype is
designed and constructed in the laboratory. The hardware and software design of
the proposed TCLC-HAPEF is introduced. The brief settings of TCLC-HAPF can be
described as below and more details can be found at other Sects. 9.2-9.5.

The digital control system of the TCLC-HAPF consists of two paralleled digital
signal processors (DSPs) TMS320F2812s, and the basic settings of both DSPs are
the same. The sampling frequency of the control system is 25 kHz in both simu-
lation and experiment (for both DSPs). For every 1/25 kHz(s) period, the timer will
provide a signal to process analog to digital (A/D) conversion and the corre-
sponding interrupt. After processing the proposed control strategy, the output
PWMs signal will be generated and the maximum pulse width modulation
(PWM) switching frequency is 12.5 kHz. The SanRex PK110FG160 thyristors are
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L. Wang et al., Adaptive Hybrid Active Power Filters, Power Systems,
https://doi.org/10.1007/978-981-10-8827-8_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8827-8_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8827-8_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8827-8_9&amp;domain=pdf

206 9 Implementation of a 110 V-5 kVA Three-Phase Three-Wire ...

used for the TCLC part, while the Mitsubishi IGBT intelligent power modules
PM300DSA60 are employed as the switching devices of the inverter.

The layout of the chapter can described as below. In Sect. 9.2, the circuit
configuration and experimental prototype of the TCLC-HAPF are presented firstly.
In Sect. 9.3 and 9.4, the hardware and software design of TCLC-HAPF are pro-
vided, respectively. Then, the performances of designed TCLC-HAPF under dif-
ferent voltage and current conditions are carried out in Sect. 9.5. Finally, the
summary is drawn in Sect. 9.6.

9.2 Circuit Configuration of the TCLC-HAPF
Experimental Prototype

The experimental prototype of the 110 V-5 kVA three-phase three-wire
TCLC-HAPF has been developed and built in the laboratory. The system config-
uration of the three-phase three-wire TCLC-HAPF experimental prototype is shown
in Fig. 9.1. And the experimental setup of the TCLC-HAPF experimental prototype
in the laboratory is illustrated in Fig. 9.2.
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Fig. 9.1 System configuration of the 110 V-5 kVA TCLC-HAPF experimental prototype
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Fig. 9.2 Experimental setup of the 110 V-5 kVA TCLC-HAPF experimental prototype

As shown in Fig. 9.1, the TCLC part consists of coupling inductor L., parallel
inductor Lpr, parallel capacitor Cpr and thyristors with their drivers. And the active
inverter part is composed of a voltage source inverter (VSI) with DC-link capacitor
Cpc, IGBTs and their drivers. The control system includes transducer with signal
conditioning circuits and DSP controllers. The outputs of four voltage transducers
and six current transducers with signal conditioning circuits are considered as the
inputs to the DSP-based control system for control algorithm processing and to
generate control signals to the thyristor and the IGBT drivers.

Based on the circuit system configuration in Fig. 9.1, the hardware and software
realization of the TCLC-HAPF experimental prototype is discussed in the following.

9.3 Hardware Design of TCLC-HAPF Experimental
Prototype

In this part, the hardware design of the TCLC-HAPF experimental prototype will be
presented in two parts: Sect. 9.3.1: Power semiconductor switching devices and

their drivers, and Sect. 9.3.2: Design of the transducer with signal conditioning
board.
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9.3.1 Power Semiconductor Switching Devices and Their
Drivers

The power semiconductor switching device has undergone a revolutionary change,
from bipolar technology-based devices, such as bipolar junction transistors (BJT),
thyristors and gate turn-off (GTO) thyristors, to insulated bipolar devices and
MOS-based devices, such as insulated gate bipolar transistors (IGBTs), p
metal-oxide-semiconductor (MOS)-based devices, such as MOS field effect tran-
sistors (MOSFETs)and MOS-controlled thyristors (MCTs) [1, 2]. Moving from
bipolar to MOSFET has resulted in operating frequency increases and capacity
slightly decreases. A summary of power switching devices’ operating voltage and
frequency is provided in Fig. 9.3 [1].

9.3.1.1 Thyristor and Its Drivers in TCLC Part

The TCLC part is used to provide the large fundamental voltage drop between load
voltage and inverter voltage and the power semiconductor switching devices in
TCLC part are design to be triggered once in a fundamental period. Therefore, the
large capacity and relatively low operating frequency power semiconductor device:
SanRex thyristor PK110FG160 [3] is selected. The SanRex thyristor PK110FG160
dual intelligent power module has the rated current and maximum voltage of 110 A
and 1600 V respectively. To drive the thyristor, the driver POWERSEM PSHI23
[4] is selected to drive the thyristors. In the PSH123 board, the pin connections
settings and hardware connection of PSH123 board are plotted in Figs. 9.4 and 9.5,
respectively.

108
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> 10° 1

= Thyristor

S y IGBT
104

§ N
10° .

Bipolar é
- MOSFET
101 l
10 102 10° 104 108 106

Operating Frequency (Hz)

Fig. 9.3 Operating voltage and frequency of power semiconductor switching devices [1]
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Fig. 9.4 Pin connections of the driver PSHI23 [4]

Fig. 9.5 Hardware
connection between thyristor
power switches and their
drivers

a. Power supply of PSHI23 is set to be 15 V for typical operation;

b. Input voltage level is set to be 5 V logic with Viy = 2.4 V, Vi = 0.5 V in order
to capable with the controller which has output voltage level in the range of 0-
3V.

c. Inter Lock Function is set to be cancelled (suitable for individual thyristor
driving).

d. The outputs are set to provide individual gate ON and OFF signals (Fig. 5).
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9.3.1.2 IGBT and Its Drivers in Active Inverter Part

The active inverter part provides instantaneous operation to regulate the compen-
sating current. Therefore, the faster switching devices IGBTs are selected for the
VSI. The Mitsubishi third generation IGBT PM300DSAG60 is [5] selected for the
active inverter part, in which its maximum rated current and voltage are 300 A and
600 V, respectively, and it is a dual intelligent power module (IPM). The schematic
for the print circuit board (PCB) of the IGBT driver is shown in Fig. 9.6, which is
used to drive a one leg of a two-level VSI. The IGBT driver board is designed to
control the switching state of the IGBT with the trigger signals from the digital
controller.

The followings are some considerations for the design of the IGBT driver in
consideration of the digital controller I/O requirement.

a. The SN74HCTO8 is used to protect the /O of DSP controller. It works as a
buffer since the current of the I/O is recommended to within 1.67 mA per pin for
3.3 V-tolerance; while the typical working current of HCPL4504 is 16 mA.

b. +VL, R7 and R8 are combined as resistor divider to pull up the signal “FO” and
limit the voltage within 3.3 V.

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 controller I/O,
“FO” pull up potential and RC low-pass filter’s loading effect.
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Fig. 9.6 Schematic of IGBT driver PCB board
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The final hardware connection between the IGBT power switches and their
corresponding drivers are shown in Fig. 9.7.

9.3.2 Transducer with Signal Conditioning Boards

The three-phase load voltage v,, load current i,, compensating current i., and
DC-link voltage vpc of the TCLC-HAPF are measured by transducer with signal
conditioning boards. The purpose of the transducer with signal conditioning boards
is to transfer the large voltage and current electrical signals into small analog
signals. Then, the output small signals from the signal conditioning boards are sent
to the analog-to-digital (A/D) converter to convert the small analog signals into
digital signals for digital controller further processing. The proposed signal con-
ditioning circuit is given in Fig. 9.8.

For the 110 V-5 kVA TCLC-HAPF experimental system, the current in each
phase are normally lower than 15 A (without considering transient current).
The LEM LA-55P (50 A/50 mA) current transducers with routing double-loop are
selected, and the input/output becomes 25 A/50 mA. And the LEM LV25-400 V
(400 V/25 mA) voltage transducers are used for the load voltage and the DC-link
voltage.

As shown in Fig. 9.8, the signal conditioning circuit is constructed by two
amplifiers, a zener diode and resistors. The signal conditioning circuit output can be
expressed as:

Vour =

Rs + Ry R; - Rs Ry - Rs
Vyer + V) (9.1)
Rg R3R4 + R3Rs5 + R4Rs R3R4 + R3Rs + R4Rs
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Fig. 9.8 Proposed signal conditioning circuit

Table 9.1 Parameters of signal conditioning board

Range (peak value) Vin (V) v, (V) R, (Q) R; (kQ)
irx -20t0 20 A —4t0 4 0-3.191 100 40

fex —-20t0 20 A —4t04 0-3.191 100 40

Vx —160 to 160 V —4to04 0-3.191 400 40

Ve 0-100 V 0-5 0.412-2.988 400 4

Notes x stands of phase a, b and ¢, R, = 10 kQ, R, =30 kQ, Rs =20 kQ, Rs =40 kQ and
R; =10 kQ

where v, = Ry - ipus-

In (9.1), V,..ris designed to be 3 V which is provided by the chip REF5030. With
carefully selected resistor values R; ~ R, the peak of v,,, can be designed to be
within 0-3.3 V to consistent with the I/O of the digital controller. In addition, v,,,, is
limited by the zener diode to avoid over-voltage problem.

According to the experimental conditions, the maximum measurement ranges
for load current and compensating current are set as +20A .. And the maximum
measurement range of the load voltage and DC-link capacitor voltage are set
as £160V,, ., and +100 V respectively. And the parameters of signal conditioning
board are provided in Table 9.1. And, the hardware connection of the transducer
with signal condition boards is provided in Fig. 9.9.

9.4 Software Design of TCLC-HAPF Experimental
Prototype

The control system is composed of two parallel DSP-TMS320F2812s to separately
control the TCLC part and the active inverter part. And the hardware appearance of
the DSP controllers and their extension board are given in Fig. 9.10. Each
TMS320F2812 consists of two event managers (EVs), EVA and EVB. And each
EV module contains two general purpose (GP) timers (totally 4 timers). In the
control systems of TCLC-HAPF, each timer is designed for different purposes:
Timer 1 and Timer 3 are responsible for generating PWM signals for IGBTs and
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"4

Fig. 9.9 Hardware connection of the transducer with signal condition boards

Fig. 9.10 The hardware
appearance of the DSP
controllers and their extension
boards

trigger signals for thyristors, Timer 4 is used to activate the A/D conversion, and
Timer 2 is used to define the sample rate of A/D and process signals.

For the 110 V-5 kVA TCLC-HAPF experimental prototype, the sampling fre-
quency is set to 25 kHz in Timer 2. For every 1/25 kHz(s) period, the Timer 2 will
provide a trigger signal to process A/D conversion and the corresponding interrupt.
And there are totally 10 channel signals (3 load voltage v,, 3 load current iz,,
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(a)

‘ System initialization ‘

PWM and A/D
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!

Enable all interrupts

:

(b)

(c)

A/D
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Calculate final ig*
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interrupt
— |

Fig. 9.11 DSP flowcharts of the TCLC-HAPF: a main program, b interrupt routine for the TCLC
part and c interrupt routine for the active inverter part

3 compensating current i.,, and 1 DC-link capacitor voltage V. are converted into
digital values.

Figure 9.11 shows the program flow charts for the DSP-TMS320F2812 in
performing A/D signal sampling, generating the trigger signals for controlling the
TCLC part and generating the PWM signals for controlling the active inverter
part. And it is noticed that the main program for control TCLC part and active
inverter part are the same, while the interrupt routines for TCLC part and active
inverter part are different.

9.5 Experimental Results

9.5.1 Experimental Results of TCLC-HAPF for Dynamic
Inductive and Capacitive Reactive Power
Compensations

Figures 9.12 and 9.13 show the dynamic compensation waveforms of load voltage
vy, source current iy, and reactive power Qy, of phase a by applying TCLC-HAPF
for inductive load and capacitive load compensation. Figure 9.14 gives the corre-
sponding source current harmonic spectrums for inductive and capacitive reactive
power compensations.
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Fig. 9.13 Dynamic reactive power compensation of phase a by applying TCLC-HAPF
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Figure 9.12 clearly shows that after TCLC-HAPF compensation, the source
current i, and the load voltage v, are in phase with each other. The source power
factors (PFs) are compensated to 1.00 from the original 0.69 (for inductive loading)
and 0.64 (for capacitive loading). Also, the TCLC-HAPF obtains a good dynamic
compensation performance as shown in Fig. 9.12. Figure 9.13 illustrates that the
TCLC-HAPF can compensate the source reactive power to close to zero with the
load reactive power dynamically changing. The worst phase source current THD;,,
are 3.5 and 5.4% after compensation, which satisfy the international standard [6]
(THD;;,< 15%). In Fig. 9.14, it can be seen that the source current i, are also
significantly reduced after compensation.

(a) (b)

HARMONICS HARMOHICS

1 5 9 1317212529 33 37 41 45 49

BACK | RECALL W BACK | RECALL K B

(c) (d)
HARMOHICS
547F
c9 E‘g A

01 5 9 1317 2125293337 414549 l"'1 5 9 1317 212529 33 37 41 45 49

BACK RECALL M | 8] BACK RECALL M | 6]

Fig. 9.14 Source current harmonic spectrums of phase a: a before compensation of inductive
load, b after compensation of inductive load, ¢ before compensation of capacitive load, and d after
compensation of capacitive load
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Fig. 9.15 The experimental load voltage, source current, load current and DC-link voltage
waveforms with nonlinear loading dynamic changing by applying TCLC-HAPF a before and after
TCLC-HAPF compensation for nonlinear loading compensation, b during TCLC-HAPF
compensation before and after 2nd loading is connected

9.5.2 Experimental Results of TCLC-HAPF for Reactive
Power and Harmonic Compensations

Figure 9.15 shows the dynamic waveforms of load voltage, source current, load
current and DC-link voltage waveforms by applying TCLC-HAPF for different
nonlinear loadings compensation. The source current harmonic spectrum before and
after TCLC-HAPF compensations are given in Fig. 9.16.

From Fig. 9.15, after the TCLC-HAPF compensation, the source current THDi,,
have been compensated to 5.8% for the nonlinear loading, 5.3% for 1st loading
compensation and 5.0% for 1st and 2nd loading compensation. Meanwhile, the

power factors (PF) have been improved to 0.99 for all different loadings
compensation.

9.5.3 Experimental Results of TCLC-HAPF for Unbalanced
Loading Compensation

Figures 9.17 and 9.18 show the experimental source voltage and current, source
reactive and active power before and after TCLC-HAPF compensation with
Vbe = 50 V. The experimental source current spectrums after compensation are
provided in Fig. 9.19. And the phasor diagrams of the source voltage and current
after compensation are illustrated in Fig. 9.20.
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Fig. 9.16 Experimental source current harmonic spectrums a before compensation of the
nonlinear loading, b before compensation of 1st loading, ¢ before compensation of 1st and 2nd
loadings, d the nonlinear loading compensation after TCLC-HAPF compensation, e st loading
before compensation after TCLC-HAPF compensation, f 1st and 2nd loadings before compen-
sation after TCLC-HAPF compensation

From Figs. 9.17 and 9.18, with the proposed parameter design method, the
TCLC-HAPF can compensate the fundamental reactive power and balance the
active power. And the PFs have been compensated to 0.99 for two sets of nonlinear
loadings. In Fig. 9.19, after TCLC-HAPF compensation, the worst phase THD;q,
become 9.5 and 10.6% from the original 22.7% for unbalanced inductive loads and
38.6% for mixed inductive and capacitive loads, which can meet the IEEE standard
[6]. Moreover, the source current unbalanced factor (UBlIs) becomes less than 4.5%
after TCLC-HAPF compensation.

9.5.4 Experimental Results of TCLC-HAPF Compensation
During Voltage Dip

Figure 9.21 provides the dynamic compensation waveforms of load voltage v, and
source current i;, by applying TCLC-HAPF during a sudden voltage dip with
Vbe = 50 V. During the voltage dip, the source current are 4.30, 4.98 and 4.00 A
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Fig. 9.19 Experimental source current spectrums: a before compensation of unbalanced inductive
loads, b after TCLC-HAPF compensation of unbalanced inductive loads, ¢ before compensation of
unbalanced mixed inductive and capacitive loads, d after TCLC-HAPF compensation of mixed
inductive and capacitive loads

with the THD,, less than 10.0%. Therefore, it can be said that the TCLC-HAPF
obtains stable performance during the voltage dip.

9.5.5 Experimental Results of TCLC-HAPF Compensation
Under Voltage Fault

Figure 9.22 provides the dynamic compensation waveforms of load voltage v, and
source current iz, by applying TCLC-HAPF under the voltage fault condition.
Figure 9.23 shows the source current harmonic spectrums before and after
TCLC-HAPF compensation. During the voltage fault, the i;, can be compensated to
be approximately balanced with PF ~ 1 and THD;;, < 10.0%. From Fig. 9.22, it
can be seen that the proposed TCLC-HAPF can still obtain satisfactory perfor-
mances even under asymmetric grid fault.



222 9 Implementation of a 110 V-5 kVA Three-Phase Three-Wire ...

Aa funa
Ag funa 43 Ag funa 4.6
Rl: Fund 7-4 Fh: fund 4.9
Hz 498972 Hz
Aaey - 54 BApe - 3
A -138 OAge =120
m;m -275 ﬁﬂ ci®) -848 .

02/06/15 11:22:30 __230U_S0Hz 38 UVE__ENS0160 02/06/15 12:20:44 2300 50Hz 39 WYE__EWS0160
a'p"C  meTER e MRRME  merem on
(¢) (d)

Unbalance Hea. G4 Jy Unbalance

& 0:00:06 9p @<k )
Aafuna 3.1 o< FllE P{'SUH A funa 45
Ag funa 46 Ag funa 4.5
A C fund 68 Acfuna 46
Hz 50.00 0 Hz 50.02
Aae - 48 BAae -358
By =107 BAge -116
OAceey -265 : BAcey -239
=120 _12(

03/22/15 21:07:12 230U SOHz 36 WVE _ENS0160 03727715 21:04:36 230U 50Hz 38 WYE _ ENS0160

A"E weven | thewo | MU0 QR UOLT are METER  TRewn  MOLD

Fig. 9.20 Experimental phasor diagrams of source voltage and current: a before compensation of
unbalanced inductive loads, b after TCLC-HAPF compensation of unbalanced inductive loads,
¢ before compensation of unbalanced mixed inductive and capacitive loads, d after TCLC-HAPF
compensation of mixed inductive and capacitive loads
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Fig. 9.21 Dynamic compensation waveforms of v, and i; by applying TCLC-HAPF during
voltage dip
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9.6 Summary

In this chapter, the hardware prototype of an 110 V-5 kVA three-phase three-wire
TCLC-HAPF has designed and implemented for experimental verification of the
system performances. Details of hardware design and implementation are provided
in this chapter. The experimental results obtained from the hardware prototype are
presented included: the sampling and signal conditioning circuits, thyristor drivers,
IGBT drivers and digital control system. The experiments have been performed on
the hardware of TCLC-HAPF. It is shown that TCLC-HAPF can compensate
reactive power, current harmonics and unbalanced power under the different volt-
age and current conditions.
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Abstract In this chapter, conclusions are drawn for the study of the thyristors
controlled LC-coupling hybrid active power filters (TCLC-HAPFs). Specifically,
the detailed chapter summary and achievements are included. Also, some possible
future research works are provided.

Keywords Thyristor-controlled LC-coupling hybrid active power filter
(TCLC-HAPF) - Hybrid-coupled static synchronous compensator
(hybrid-STATCOM) - Low dc-link voltage - Reactive power - Current
harmonics - Wide compensation range - Unbalanced compensation

10.1 Conclusions

This book discusses the design and control of a wide compensation range and low
DC-link voltage TCLC-HAPF for harmonic current, reactive power and unbalanced
power compensation in three-phase three-wire distribution power system. And, an
110 V-5 kVA experimental prototype is designed and tested to show its validity.
The key contributions and achievements of each chapter are summarized in the
following:

(1) The overview and summary of the major power quality issues (low power
factor, harmonic pollution and unbalanced problem) have been provided by
using the power quality measurement data in Macau in Chap. 1. Moreover,
there is a large potential market for reactive power and harmonic compensation
in China. In order to solve the above major power quality issues, the historical
review of different existing power quality compensators topologies and control
methods are also provided in Chap. 1.

(2) The TCLC-HAPF and other power quality compensators are compared in
Chap. 2 in terms of V-I characteristic, cost, power loss, reliability and tracking
performance. Among them, the TCLC-HAPF is chosen for further research
investigation since TCLC-HAPF has relatively lower cost, higher reliability,
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lower loss than the multilevel APF and HAPF. Also, the TCLC-HAPF obtains
wider compensation range and better tracking performance than the HAPF.

(3) Two techniques are proposed in Chap. 3 for TCLC part and active inverter part
of TCLC-HAPF. For TCLC part, the solution to prevent harmonic current
injection by the thyristor pair is proposed and proved by simulation and
experimental results. For active inverter part, a nonlinear hysteresis PWM
method is proposed to reduce the power loss while keeping the current har-
monics level at an acceptable level, which is proved by simulation results.

(4) The unbalanced parameter design method of TCLC-HAPF is proposed in
Chap. 4 in comparison with the conventional balanced parameter design
method. Through the simulation and experimental results, it is proved that the
proposed unbalanced parameter design method for TCLC-HAPF is capable for
balancing the source active power, and compensating load reactive power and
harmonic current under unbalanced loading, while the balanced parameter
design method cannot achieve unbalanced compensation with satisfactory
results.

(5) The control strategy for TCLC-HAPF is investigated in Chap. 5 to compensate
reactive power, harmonic current and balance active power under unbalanced
loading with low DC-link voltage. The validity of the proposed control strategy
is proved by simulation and experimental results.

(6) The minimizing inverter capacity design and comparative performance evalu-
ation of different SVC-HAPFs (FC-TCR-HAPF and TCLC-HAPFs) are pro-
posed in Chap. 6. Through the minimizing inverter capacity design, simulation
and experimental performance evaluations, the TCLC-HAPF structure is final
selected with acceptable compensation performance and low inverter capacity.

(7) A simplified minimum DC-link voltage calculation method is proposed in
Chap. 7 for TCLC-HAPF reactive power and current harmonics compensation,
which can significantly reduce the large amount of the calculation steps by
using the FFT method. Also, an adaptive DC-link voltage controller for the
TCLC-HAPF is developed to dynamically keep its operating at its minimum
DC-link voltage level to reducing its switching loss and switching noise.

(8) The selective compensation control method of harmonic distortion, unbalanced
and reactive power of TCLC-HAPF is developed in Chap. 8. The proposed
selective control method can provide satisfactory compensation performance,
when the loads required harmonic, unbalanced and reactive power is beyond
the limited capacity of the TCLC-HAPF.

(9) An 110 V-5 kVA three-phase three-wire TCLC-HAPF experimental prototype
is constructed in the laboratory and presented in this chapter, to test the validity
of the proposed parameter design methods and control strategies. Experimental
results show that the TCLC-HAPF can effectively compensate the harmonic
current and reactive power, and balance active power under the different
voltage and current conditions like unbalanced current, voltage fault, voltage
dip, etc.
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10.2 Perspectives for Future Works

Based on the present research, the following points are suggested for future studies.

1.

As hysteresis PWM control is simple and widely applied. The nonlinear hys-
teresis PWM control is proposed for TCLC-HAPF in this book, and other PWM
control strategies can be further investigated for TCLC-HAPF system such as:
space vector modulation (SVM), deadbeat PWM, etc.

. The control systems of the TCLC-HAPF hardware prototype are using two

parallel DSP-TMS320F2812s. Meanwhile, the additional extension board is
required to fit for the physical connection between DSPs and the drivers of
IGBT and thyristor. Therefore, the industrial control controller/system is
required to further develop to improve the control efficiency of the
TCLC-HAPF.

The TCLC-HAPF is a cost-effective solution for medium/high voltage level
reactive power, harmonic current and unbalanced power compensation.
Therefore, the increase of power rating of the TCLC-HAPF hardware system is
necessary to show the advantages of the TCLC-HAPF, e.g. 10 kV.

The necessary protection is very important for high voltage application.
Otherwise, the system components can be easily damaged due to the suddenly
voltage and current changes. The different protection techniques and devices are
necessary to be studied and considered in the future.
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