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Preface

With the increased use of power electronics devices (nonlinear loads) and motor
loadings, low cost, low loss and high performance shunt current quality com-
pensators are highly in demand by power customers to solve current quality
problems caused by those loadings. Undoubtedly, lower cost, lower loss, and
better performances will be the development trends and goals in the coming
decades. Among different current quality compensators, hybrid active power filter
(HAPF) possesses high potential to get balance between cost, loss, and
performance.

In this book, the content starts by overviewing the power quality issues, power
quality standards, and comparing different HAPF topologies, etc. With the com-
prehensive consideration of the cost, loss, performance, and anti-resonance
capability, the design and control of a HAPF topology are investigated as the
prospective solution for the low cost, low loss, high performance current quality
compensation. And the validity and effectiveness of the design and control tech-
niques for the HAPF are verified by a 55 V, 1.65 kVA and a 220 V, 10 kVA
HAPF experimental system. In addition, the system performance analysis method,
design, and control techniques presented in this book can be extendable to other
compensators, such as active power filter (APF), static synchronous compensator
(STATCOM), etc.

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

Chi-Seng Lam
Man-Chung Wong
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Chapter 1
Introduction

Abstract This chapter initially presents an overview of the power quality issues.
Then three common international standards relating to the voltage and current
distortion are introduced. In order to provide a cost-effective three-phase shunt
current quality compensator with resonances prevention capability, different
hybrid active filter (HAPF) topologies have been compared and discussed in detail.
Among them, one HAPF topology is chosen for in-depth investigation and further
study in this book because it can offer the lowest cost, size, and weight, and has
potential to provide dynamic reactive power compensation. Owning to the limi-
tations of this HAPF, this book aims to provide their corresponding solutions.
Finally, the organization of this book is introduced at the end of this chapter.

Keywords Active Power Filter - Hybrid Active Power Filter - Passive Power
Filter - Power Quality - Power Quality Compensation - Pulse Width Modulation -
Voltage Source Inverter

1.1 Power Quality Issues

Due to the advancement of science and technology, industrial structure reforming,
and the development of smart grid technology recently, people have a higher
demand for improved power quality. However, 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. [1-25], it is becoming more and more
difficult to achieve this goal. Table 1.1 lists power electronics and motor appli-
cations that cover a wide power range from a few tens of watts to several hundreds
of megawatts in residential, commercial, industrial, and aerospace systems [26].

Although the widespread applications of power electronic devices enable the
control and tuning of all power circuits for maximum performance, cost-

C.-S. Lam and M.-C. Wong, Design and Control of Hybrid Active Power Filters, 1
SpringerBriefs in Electrical and Computer Engineering,
DOI: 10.1007/978-3-642-41323-0_1, © The Author(s) 2014



Table 1.1 Power electronics and motor applications

1 Introduction

(a) Residential

Refrigeration and freezes

Space heating

Air conditioning

Cooking

Lighting

Electronics (personal computers,
Other entertainment equipments)
Elevators, escalators

(b) Commercial

Heating, ventilating, and air conditioning
Central refrigeration

Lighting

Computers and office equipment
Uninterruptible power supplies (UPS)
Elevators, escalators

(¢) Industrial

Compressors

Blowers and fans

Machine tools (robots)

Arc furnaces, induction furnaces
Lighting

Industrial lasers

Induction heating

Welding

Elevators, escalators

(d) Telecommunications

Battery chargers
Power supplies (dc and UPS)

(e) Transportation
Traction control of electric vehicles
Battery charges for electric vehicles
Electric locomotives
Street cars, trolley buses
Subways
Automotive electronics including
engine controls
(f) Utility systems
High-voltage dc transmission
(HVDC)
Static var compensation (SVC)
Supplemental energy sources
(wind, photovoltaic), fuel cells
Energy storage systems
Induced-draft fans
Boiler feedwater pumps
(g) Custom power devices
Active power filter (APF)
Dynamic voltage restorer (DVR)
Unified power quality compensator
(UPQC)
Static synchronous compensators
(STATCOM)
Uninterruptible power supply (UPS)
(h) Aerospace
Space shuttle power supply systems
Satellite power systems
Aircraft power systems

effectiveness, and enhanced energy efficiency, they will increase the distortion and
disturbances on the current and voltage signals in the power network. This is
because the power electronic devices draw harmonic currents from the power
utility and the harmonic voltage will then be generated, as harmonic currents cause
nonlinear voltage drops across the power network impedance. The presence of
current and voltage components at frequencies other than the fundamental one, and
also the negative and zero sequences in three-phase systems are harmful to the
equipments of the power supply utilities and those of the customers. Harmonic
distortion causes various problems in both power network and consumer products,
such as equipment overheating, capacitor fuse blowing, transformer overheating,
maloperation of control devices, excessive neutral current, degrades the defection
of accuracy in power meters, etc. [5].
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On the other hand, the usage of induction motor loadings will cause a phase shift
between the current and the voltage in the power network. This results in lowering the
power factor of the loading. Loadings with low power factor draw more reactive
current than those with high power factor. The larger the reactive current/power, the
larger the system losses and the lower the power network stability. Moreover, the
larger the reactive current, the thicker the cables required for power transmission,
which will either increase the cost or lower the transmission capacity of the existing
cables. Thus, electricity utilities usually charge industrial and commercial customers
a higher electricity cost with low power factor situation.

All of these current and voltage phase shift and distortion phenomena are
responsible for the deterioration of power quality in the transmission and distri-
bution power systems. Clearly, there is a need from both utilities and customers for
power quality improvement. Consequently, power quality has become an issue that
is of increasing importance to electricity consumers at all levels of usage.

1.2 Standards of Power Quality Issues

There are three common international standards relating to voltage and current
distortion.

e [EEE 519:1992. IEEE Recommended Practices and Requirements for Harmonic
Control in Electrical Power Systems [27]

e [EEE 1159:1995. IEEE Recommended Practice for Monitoring Electric Power
Quality [28]

e [EC 61 000-3-2. Electromagnetic Compatibility (EMC) —Part 3-2: Limits —
Limits for Harmonic Current Emissions (Equipment Input Current <=16A per
Phase) [29]

According to the above standards, Tables 1.2 and 1.3 summarize the voltage
and current harmonics distortion limits, in which they are used to evaluate the
compensating performances of the proposed HAPF system.

To solve the current harmonics and reactive power problems generated by the
nonlinear and induction motor loadings, shunt current quality compensators can be
implemented between the load and the power supply sides. In the following sec-
tion, the different shunt current quality compensators and the development of
hybrid active power filter in distribution power system will be introduced, com-
pared, and discussed.

1.3 Development of Hybrid Active Power Filter

Shunt capacitor banks (CBs) as shown in Fig. 1.1 are used extensively in distri-
bution power systems for power-factor correction and feeder voltage control. The
principal advantages of CBs are their low cost and flexibility of installation and
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Table 1.2 Voltage harmonic distortion limits
Standard Bus voltage 69 kV and below

Individual voltage distortion (%) Total voltage harmonic distortion THD, (%)
IEEE 519:1992 3.0 5.0

Table 1.3 Current harmonic distortion limits

Standards Total current harmonic distortion (%)
IEEE 1159:1995 20 (for small customers)

5 (for very large customers)
IEC 61 000-3-2 16 (for load smaller than 16 A per phase)

Fig. 1.1 Parallel capacitor

iy v
bank (CB) @ — —
.’ _______ 1_1_ _1| Nonlinear
| ¢ |
| | Load
Ic=wCV| c I :
N [
|
o __ |
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(PPF) @ — v 1
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1 |
: Y :
| |
| |
| |
|

Passive Power Filter (PPF)

operation. However, the CB can easily be burnt if the current harmonics level is
high. Moreover, the reactive power output is reduced at low load voltage as it is
dependent on load voltage. In order to solve the current harmonics problem, power
filters as shown in Fig. 1.2 can be employed. Since the first installation of passive
power filters (PPFs) in the mid-1940s, PPFs have been widely used to suppress
current harmonics and compensate reactive power in distribution power systems
[14] due to their low cost, simplicity, and high efficiency characteristics. Unfor-
tunately, they have many disadvantages such as low dynamic performance, fil-
tering characteristic easily be affected by small variations of the system
parameters, resonance problems, etc. [1-13, 16, 17, 22, 24, 25]. Since the concept
“Active ac Power Filter” was first developed by L. Gyugyi in 1976 [4, 14],
research studies on the active power filters (APFs) as shown in Fig. 1.3 for current
quality compensation are prospering since then. APFs can overcome the
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disadvantages inherent in PPFs, but their initial and operational costs are relatively
high [1-7, 9, 10, 13, 16, 22, 25] due to the costs of semiconductor switching
devices with its drivers and digital controller. In addition, the dc-link operating
voltage of APF should be higher than the load voltage, thus increasing the cost and
switching loss of the switching devices [30]. This results in slowing down their
large-scale application in distribution power networks.

Later, different HAPF topologies composed of active and passive components
in series and/or parallel have been proposed [1-25], aiming to improve the com-
pensation characteristics of PPFs and reduce the voltage and/or current ratings
(costs) of the APFs, thus leading to the relative effectiveness in system cost and
performances. But HAPFs usually have a smaller compensation range than pure
APFs. In the following, different HAPF topologies will be introduced and
compared.

In the past research, different HAPF topologies have been proposed [1-25], in
which they can be classified into three general types: HAPF topology 1-series APF
and shunt PPF [1-8], HAPF topology 2—shunt APF and shunt PPF [1, 2, 9-13], and
HAPF topology 3—APF in series with shunt PPF [2, 3, 17-25] as shown in Fig. 1.4.
Hereinafter, discussions and comparisons between these HAPF topologies are given.

1.3.1 HAPF Topology 1-Series APF and Shunt PPF [1-8]

The HAPF topology 1- series APF and shunt PPF circuit configuration is shown in
Fig. 1.4a. Figure 1.5 shows this HAPF topology in three-phase three-wire power
system presented by Peng et al. in 1988 [4] and three-phase four-wire power
system presented by Salmeron and Litran in 2010 [8] respectively. The APF is
usually connected in series with the distribution power system through filtering
inductor and capacitor (LC) and coupling transformer (CT), while the shunt PPF
can be a tuned LC filter or high pass filter or any combination of them.

Under this HAPF topology, the APF acts as a harmonic isolator between the
system source and load sides by forcing the load harmonic current flow into the
shunt PPF. At the fundamental frequency, the shunt PPF shows a high impedance
while the series APF shows a low impedance. On the contrary, the shunt PPF
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Fig. 1.4 Three general types of HAPF topology: a HAPF topology 1-series APF and shunt PPF,
b HAPF topology 2—shunt APF and shunt PPF and ¢ HAPF topology 3 —APF in series with shunt PPF

shows a low impedance while the series APF shows a high impedance at harmonic
frequency. This HAPF topology aims to reduce the current rating of the APF.
Moreover, it can prevent the series and parallel resonance phenomena.

However, the series APF requires adequate protection in case of malfunction of
the APF because it is in series with the distribution power system. Moreover, as the
series APF is connected to the power system through CT, its CT is capable to
withstand full load current, thus increasing the system cost, size, and loss.

1.3.2 HAPF Topology 2-Shunt APF and Shunt PPF
[1, 2, 9-13]

The HAPF topology 2—shunt APF and shunt PPF circuit configuration is shown in
Fig. 1.4b. Figure 1.6 shows this HAPF topology with CT in three-phase three-
wire power system presented by Khositkasame and Sangwongwanich in 1997 [9]
and Corasaniti et al. in 2009 [12], and without CT in three-phase four-wire power
system presented by Chiang et al. in 2005 [11] respectively. The shunt APF can be
connected to the distribution power system through coupling inductor (L) with or
without CT, while the shunt PPF can be a tuned LC filter or high pass filter or any
combination of them.
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Under this HAPF configuration, the PPF acts as the main compensator and the
APF is used to compensate the remaining current harmonic contents, which have
been filtered by the PPF, so as to improve the system filtering performances. Thus,
this HAPF topology aims to reduce the current rating of the APF. In addition, the
advantages of this topology are the shunt APF applicable if the shunt PPF already
exists and reactive power controllable. Moreover, it can prevent the parallel res-
onance phenomenon.

However, the APF cannot change either the voltage across the PPF or the
current through the PPF. Therefore, large circulating current will be generated by
the PPF if the PPF impedance is low at the voltage distortion frequency. In order to
prevent the harmonic current flows to the supply, the required APF current rating
will still be high. If the APF is directly connected to the distribution power system
without CT, its required voltage rating is also high. By adding CT, its voltage
rating can be reduced; however, using CT will increase the system cost, size, and
loss. By choosing the PPF as a high pass filter, this HAPF topology can avoid
obtaining low PPF impedance at the voltage harmonic frequencies. However, high
pass filters (with resistance) increase the filter loss and reduce the filtering effec-
tiveness at the tuned frequency.

1.3.3 HAPF Topology 3—-APF in Series with Shunt PPF
[2, 3, 17-25]

The HAPF topology 3—APF in series with shunt PPF circuit configuration is shown
in Fig. 1.4c. Figure 1.7 shows this HAPF topology with CT in three-phase three-
wire power system presented by Fujita and Akagi in 1991 [3] and Rivas et al. in
2003 [17], and without CT in three-phase three-wire power system presented by
Srianthumrong and Akagi in 2003 [20] respectively. The APF and PPF are con-
nected in series with or without CT, and this HAPF is then shunted to the dis-
tribution power system. The PPF can be a tuned LC filter or high pass filter or any
combination of them.

Under this HAPF configuration, the APF aims to change the impedance of the
PPF so that the PPF has a nearly zero impedance to load-side current harmonics
and infinite impedance to system-side voltage harmonics, so as to improve the
compensation characteristics of the PPF. When a PPF and an APF are connected in
series, the fundamental system voltage mainly drops on the capacitor of the PPF,
but not the APF. Thus, this HAPF topology aims to reduce the voltage rating of the
APF. Moreover, it can prevent the series and parallel resonance phenomena.

Table 1.4 shows the characteristics and comparisons for these three general
HAPF topologies. From Table 1.4, HAPF topology 3 can be considered as the best
among the three general topologies because (i) it can effectively prevent series and
parallel resonances, (ii) it has potential to generate less switching noise into the
distribution power system as it requires a low dc-link voltage, and (iii) it does not
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contain large circulating current problem and can easily bypass the system in case

of malfunction of APF or PPF.
In addition, the comparisons between the HAPF topology 3 [3, 17, 20] as shown

in Fig. 1.7 are summarized in Table 1.5.

1.4 Research Objectives

In this book, the research objective aims to investigate and develop a low cost three-
phase four-wire HAPF for dynamic reactive power and current harmonics
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Fig. 1.5 HAPF topology 1-series APF and shunt PPF presented by: a Peng et al. in 1988 [4] and
b Salmeron and Litran in 2010 [8]
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Fig. 1.6 HAPF topology 2-shunt APF and shunt PPF presented by: a Khositkasame and
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10 1 Introduction

compensation in distribution power system, which can also minimize the switching
loss and switching noise purposes. Moreover, the HAPF is capable to prevent the
resonance phenomena inherent in the pure PPF part and enhances the system
robustness. From Table 1.5, the three-phase HAPF topology as shown in Fig. 1.7c is
chosen for in-depth investigation and further study because it can offer the lowest
initial cost, size, and weight. Moreover, it has potential to provide the best dynamic
reactive power compensation capability among the topologies shown in Fig. 1.7. In
addition, its coupling LC functions not only as a harmonic filter but also as a switching
ripple filter. As a result, the research works presented in this book will be focused on
this HAPF topology in three-phase four-wire distribution power system applications.

1.4.1 Circuit Configuration of a Three-Phase Four-Wire
Center-Split HAPF

When this conventional HAPF topology (Fig. 1.7¢) is applied to three-phase four-
wire power systems, either center-split or four-leg voltage source inverter (VSI) can
be used. Compared with the four-leg VSI configuration, with just slight increase in
the dc-link operating voltage and an additional low cost dc capacitor for the three-leg
center-split VSI, it can save two costly power electronic switches and driver circuits
[22]. Thus, the three-leg center-split VSI structure is chosen for the active inverter
part of this HAPF. Figure 1.8 illustrates the system configuration of a three-phase
four-wire center-split HAPF, where the subscript ‘x’ denotes phase a, b, ¢, n. vy, is
the system voltage, v, is the load voltage, L, is the system inductance normally
neglected due to its low value relatively, thus vy, /= vy. iy, iz, and i, are the system,
load, and inverter current for each phase. C.; and L. are the coupling capacitor and
inductor of the HAPF, in which C,; and L are designed based on the reactive power
consumption and the dominant harmonic current of the inductive loading as pre-
sented in Chap. 6. Cg1, Vye1, and Vg, are the dc capacitor, upper, and lower dc
capacitor voltages of the HAPF with V.1, = V41, =0.5 V1. The de-link midpoint
is assumed to be ground reference (g). From Fig. 1.8, the inverter line-to-ground
voltages Vi,,x—g Will be equal to the inverter line-to-neutral voltages vj,,;x—, because
the neutral point n is connected to the dc-link midpointg. The load can be a nonlinear
load, a linear load, or their combination. The nonlinear loads are composed of three
single-phase diode bridge rectifiers, which act as harmonic producing loads. In this
book, the research study will be mainly focused on this three-phase four-wire HAPF
system.


http://dx.doi.org/10.1007/978-3-642-41323-0_6
http://dx.doi.org/10.1007/978-3-642-41323-0_6
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Fig. 1.7 HAPF topology
3—APF in series with shunt
PPF presented by: a Fujita
and Akagi in 1991 [3],

b Rivas et al. in 2003 [17]
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Akagi in 2003 [20]
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Table 1.5 Comparisons between HAPF topology 3 presented by: Fujita and Akagi in 1991 [3],
Rivas et al. in 2003 [17], and Srianthumrong and Akagi in 2003 [20]

Fig. 1.7a Fig. 1.7b Fig. 1.7c
Fujita and Rivas et al. in Srianthumrong
Akagi 2003 [17] and Akagi in 2003 [20]
in 1991 [3]
Cost Highest High Lowest
Size and weight Bulky Bulky Lightest
Coupling transformer 3 3 0
AC inductor 12 9 3
AC capacitor 12 9 3
Resistor 3 0 0
Harmonic current compensation Best Good Medium
Dynamic reactive power Not available Not available Not available
compensation
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Fig. 1.8 System configuration of a three-phase four-wire center-split HAPF

1.4.2 Conventional and Proposed Compensating Current
Generation Method for HAPF

To generate the compensating current as its reference value, the HAPF should be
controlled and acted as a current source. The HAPF usual method for generating
compensating current by a VSl is indirect current (voltage reference) control [19-25],
in which the final reference compensating current is transformed into a voltage
reference. Then the voltage reference is compared with a triangular carrier in order to
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produce pulse width modulation (PWM) gate signals for switching devices of the VSI.
To enhance the compensation performance, the authors in [19-21] even combine the
feedback control and feedforward control by detecting both the system source currents
and load currents respectively. Actually, in order to calculate the exact voltage
reference from the reference compensating current for HAPF, a modeling including
the coupling LC and load voltage is necessary. However, as the coupling LC is a
second-order circuit, which might be complicated to deduce the exact modeling,
therefore, the authors in [19-24] just use an approximation model (multiplying the
reference current by a gain) to calculate the voltage reference. This approximation will
induce errors to the reference signal. Moreover, the system parameters are necessary
in the voltage reference calculation process, thus their variation by environmental
factors will influence the system compensating performance.

Actually, the direct current (current reference) control [31] can also be applied
to the HAPF system. This control method treats the VSI as a current-controlled
source, which adopts current PWM techniques such as: hysteresis, ramp com-
parison, etc., [31] for generating the calculated compensating current. In addition,
the direct current (current reference) control method can yield a faster response
than the indirect (voltage reference) one. A comparison between indirect current
control and direct current control is also summarized in Table 1.6.

With faster dynamic response and higher robustness than the indirect current
control method, the direct current (current reference) control technique is applied
to the HAPF system in this book. There are mainly two PWM methods to achieve
the direct current control: hysteresis band PWM and ramp comparison PWM [31],
in which their details will be discussed in the following.

1.4.2.1 Hysteresis Band PWM

Among the various PWM techniques, the hysteresis band PWM is one of the most
popular PWM strategies and widely applied in current quality compensation, owing
to its advantages such as ease of implementation, fast dynamic response, current
limiting capability, etc. Besides, it does not need any knowledge of system
parameters for operation. However, the switching frequency using hysteresis PWM

Table 1.6 Comparison between indirect current control and direct current control

Characteristics Indirect current control (voltage Direct current control
reference) [19-24] (current reference) [31]

Reference signal Voltage Current

Knowledge of system Required Not required
parameters

Influence by the variations of More Less
system parameters

Response time Slower Faster

Control scheme Feedback control/Feedback control Feedback control

and Feedforward control
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Fig. 1.9 Control block . Y
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is not fixed and varies with the magnitude and frequency of the reference. The basic
implementation of hysteresis PWM is based on deriving the switching signals from
the comparison of the current error Ai,, between the reference compensating current
i, and the actual compensating current i., with a fixed hysteresis band H, the
subscript ‘x’ denotes phase a,b,c. The trigger signals will drive the switching
devices of the VSl in order to let i, tracks with its reference i,. A typical hysteresis
band PWM control block diagram is shown in Fig. 1.9. For the i, direction as shown
in Fig. 1.8, the hysteresis band PWM working principle is described as shown in
Fig. 1.10, in which T, is ON and T, is OFF when the compensating current error
Ai,, is smaller than the hysteresis band —H (Ai., < — H),and T}, is OFF and Ty, is
ON when Ai,, is larger than +H (Ai.,, > + H). If i, is within the band H, the
trigger signal will maintain until the next reverse operation. If the i., direction as
shown in Fig. 1.8 isinreverse, Ty, is OFF and 75, is ON when Ai., < — H, and T}, is
ON and T, is OFF when Ai., > + H.

1.4.2.2 Ramp Comparison PWM
The ramp comparison PWM is initially computing the current error signal Ai., by

subtracting the reference compensating current i.,* by the actual compensating
current i., Ai., will be inputted into a proportional (P)/proportional and integral (PI)

Fig. 1.10 Working principle A
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Fig. 1.11 Control block * i Tri ignal
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controller. Then its corresponding output will be compared with a fixed frequency
triangular carrier wave i,; in order to generate the trigger signals for the switching
devices. By using the ramp comparison PWM, the switching devices of the VSI
operate at an approximately fixed frequency as the triangular wave, however, there
exists an inherent magnitude and phase errors of the generated compensating current
compared with its reference. The errors can be reduced by increasing the controller
gain, where the gain can be adjusted by either adjusting the amplitude of triangular
wave or the current error signal [31]. The ramp comparison PWM control block
diagram is shown in Fig. 1.11. For the i, direction as shown in Fig. 1.8, the ramp
comparison PWM working principle is described as shown in Fig. 1.12, in which 77,
is ON and T, is OFF when Ai_, is smaller than the triangular wave is; (Aiey <igi),
and T, is OFF and T, is ON when Ai,, is larger than i,; (Aiy > iy;). Similar to the
hysteresis band PWM control case, the reverse T, and T, results are obtained if the
i, direction as shown in Fig. 1.8 is in reverse.

In addition, both the hysteresis and ramp comparison PWM [31] were tradi-
tionally developed based on linear concept. They can be applied on the conven-
tional linear inductive-coupling VSIs for different applications, such as ac motor
drives, APF, DVR, etc.
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1.4.3 Limitations of Conventional Three-Phase HAPF

The limitations of the conventional three-phase HAPF as shown in Fig. 1.7c are
listed below:

(1) There is less detailed study on the HAPF resonance phenomena prevention
capability, filtering performance, and system robustness when it is operating in
standalone.

(2) As the coupling LC of the HAPF yields a nonlinear inverter current slope, this
can affect the controllability of using the conventional linear PWM control
methods, and its linear operation requirement should be investigated. Unfor-
tunately, there is still no research work examining or discussing the minimum
operating requirement for this HAPF [19-25] if the linear hysteresis or ramp
comparison control strategy is applied.

(3) The active inverter part of the HAPF is solely responsible for current har-
monics compensation [19-25] and the HAPF can only inject a fixed amount of
reactive power which is provided by coupling LC. In the practical case, the
load-side reactive power consumption varies from time to time, as a result, the
HAPF cannot perform satisfactory dynamic reactive power compensation.

(4) The HAPFs are operating at a fixed dc-link voltage level [19-25]. Without
adding any extra soft-switching hardware components, the HAPF cannot
reduce its switching loss and switching noise during operation.

(5) The minimum dc-link operating voltage requirement for the HAPF in reactive
power and current harmonics compensation has not been mathematically
deduced. Moreover, without adding extra LC branches to the HAPF, the
solution to further reduce its minimum dc-link voltage requirement is lack of
investigation.

1.5 Organization of the Book

This book is organized into seven chapters and one appendix as shown in
Fig. 1.13. This chapter presents an overview of the power quality issues. Then
three common international standards relating to the voltage and current distortion
are introduced. In order to provide a cost-effective three-phase shunt current
quality compensator with resonances prevention capability, different HAPF
topologies have been compared and discussed. Among them, the HAPF topology
as shown in Fig. 1.8, is chosen for further investigation in this book because it can
offer the lowest cost, size, and weight, and has the potential to provide dynamic
reactive power compensation.
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Fig. 1.13 Organization of the book

Chapter 2 analyzes and discusses the details of the HAPF resonance phenom-
ena prevention capability, filtering performance, and system robustness when it is
operating in standalone. Simulation results are provided to verify the analysis.

Chapter 3 presents and analyzes the approximately linear operation requirement
of the hysteresis PWM control for the HAPF, in comparison with the linear APF.
Simulation and experimental results are provided to show the validity of the HAPF
linearization analysis.

Chapter 4 proposes an adaptive dc-link voltage control technique for HAPF in
dynamic reactive power compensation, so that the switching loss and switching
noise can be reduced, in comparison with the traditional fixed dc-link voltage
controlled HAPF. Moreover, the proposed dc-link control method can work for the
initial start-up dc-link self-charging process. Simulation and experimental results
are provided to verify the validity and effectiveness of the proposed adaptive dc
control technique.

Chapter 5 deduces and analyzes the required minimum dc-link voltage
expression for the HAPF in reactive power and current harmonics compensation.
Through the analysis of the HAPF equivalent circuit models in d-q-0 coordinate,
by adding a tuned coupling neutral inductor to the HAPF, it is possible to further
reduce its minimum dc-link voltage requirement and its inverter capacity. Simu-
lation and experimental results are provided to verify the minimum inverter
capacity design for HAPF.


http://dx.doi.org/10.1007/978-3-642-41323-0_2
http://dx.doi.org/10.1007/978-3-642-41323-0_2
http://dx.doi.org/10.1007/978-3-642-41323-0_3
http://dx.doi.org/10.1007/978-3-642-41323-0_3
http://dx.doi.org/10.1007/978-3-642-41323-0_4
http://dx.doi.org/10.1007/978-3-642-41323-0_4
http://dx.doi.org/10.1007/978-3-642-41323-0_5
http://dx.doi.org/10.1007/978-3-642-41323-0_5
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Chapter 6 presents the design and performance of a 220 V, 10 kVA adaptive
low dc-link voltage controlled HAPF with a coupling neutral inductor experi-
mental prototype. The design procedures of the adaptive dc-link voltage controller
are discussed. Then the design of the PPF and APF parts are introduced. The
general design procedures for the adaptive dc voltage controlled HAPF with
neutral inductor are also given. The validity and effectiveness of the adaptive dc-
link voltage controlled HAPF with neutral inductor experimental system are
confirmed by experimental results compared with the conventional fixed and
adaptive dc-link voltage controlled HAPFs without neutral inductor. The com-
pensated results meet the requirements of the international standards.

Chapter 7 finally draws the relevant concluding remarks and proposes
prospective future research works.

Appendix presents the algorithms for HAPF reference reactive and harmonic
compensating calculation based on both three-single instantaneous pg theory
(Appendix A.1) and single-phase instantaneous pq theory (Appendix A.2), which
are necessary complementary parts for Chaps. 2—6. Appendix also includes the
determination process of the quasi-linear limit and linear limit for HAPF inverter
current slope (Appendix A.3) and its corresponding hysteresis band value
(Appendix A.4). They are complementary parts of the linearization of hysteresis
PWM study and analysis for HAPF described in Chap. 3. Appendix also presents
the photo and system parameters of a 55 V, 1.65 kVA three-phase four-wire
HAPF experimental prototype (Appendix A.5), in which the experimental results
presented in Chaps. 3 and 4 are all obtained by this experimental prototype. The
key originalities of this research have led to these publications [32-37].
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Chapter 2

Analysis of HAPF in Harmonic
Resonances Prevention and Compensation
Capabilities

Abstract This chapter aims to investigate the harmonic resonances prevention
and compensation capabilities of the three-phase four-wire hybrid active power
filter (HAPF). First, a single-phase harmonic equivalent circuit model of the HAPF
is deduced and built. Based on this circuit model, the HAPF compensating char-
acteristics are studied and evaluated by four indexes: capability to prevent parallel
resonance between the passive power filter (PPF) and the impedance of power
system, capability to prevent series resonance of the PPF, capability to improve the
filtering performances of the PPF, and capability to enhance the system robustness,
in which it shows superior compensating characteristics compared with its pure
PPF part. Lastly, simulation results for both the pure PPF part and the HAPF are
given to verify all the analyses.

Keywords Filtering Performances - Hybrid Active Power Filter - Parallel
Resonance - Passive Power Filter - Series Resonance - System Robustness

2.1 Introduction

In this chapter, the steady-state compensating performances for the HAPF will be
discussed, analyzed, and compared with its pure PPF part by four evaluation
indexes, capability to prevent the parallel resonance between the PPF and the
impedance of the power system, capability to prevent the series resonance of the
PPF, capability to improve the filtering performances of the PPF, and capability to
enhance the system robustness. First of all, a single-phase harmonic circuit model
of the three-phase four-wire HAPF as shown in Fig. 1.8 will be deduced and built
in this chapter. Based on the harmonic circuit model, the steady-state compensa-
tion performances for both pure PPF part and HAPF will be presented and dis-
cussed. Then the corresponding simulation results for pure PPF and HAPF will be
given to verify all the deduced and analyzed results. In the following, all the
analyses are based on sufficient dc-link voltage assumption.

C.-S. Lam and M.-C. Wong, Design and Control of Hybrid Active Power Filters, 23
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2.2 HAPF Single-Phase Harmonic Circuit Model

Under opposite i, direction consideration of the HAPF as in Fig. 1.8, provided
that the inverter of the HAPF is controlled by hysteresis PWM with hysteresis
error band H =~ 0 and is responsible for compensate harmonic components only,

when (ie,™ — ic) > H, i.e., (ica™ — icwn) > 0, the inverter harmonic output
voltage Vi1, can be expressed as:

Vinvxlh = O-SVdCI = Kl . (icxh* - icxh)7 Kl > 0 (21)
when (ie,™ — i) < H, 1., (leah™ — ien) < 0, Vigx1n can be expressed as:
Vinwxth = —0.5V4e1 = Ko - (icxh* - icxh)a K, >0 (22)

where the subscript ‘x” denotes phase x = a, b, ¢ and the subscript ‘A’
denotes the harmonic component, i.;" represents the reference compensating
harmonic current while i, represents the actual compensating harmonic current.
As K| and K are both in positive, vy, can be expressed into a general form as:

Vinvxlh = K- (icxh* - icxh); K >0 (23)

In ideal case, i.;,* should be equal to the load harmonic current iy,;, that is
ik = ipwn- AS i + Iexn = i, the inverter harmonic output voltage can be
expressed as:

Vivixh = K+ fgen, K > 0 (24)

From (2.4), the inverter can be modeled as a current control voltage source in the
following harmonic circuit analysis. Figure 2.1 shows the HAPF single-phase har-
monic circuit model, in which the nonlinear load and the active inverter part are
modeled as a harmonic current source Ir,;, and harmonic voltage source Vj.1x
(Vimixn = K + Lyp,). Vi and Vyy, are the system and load harmonic voltages, Ly, Iy, »
and I, are the system, load, and inverter compensating harmonic currents. Zg, and
Zppr, are the harmonic impedance of the power system and PPF, respectively.
Figures 2.2 and 2.3 show the HAPF single-phase harmonic circuit models due to load
harmonic current 7, or system harmonic voltage V,;, component.

2.2.1 HAPF Single-Phase Harmonic Circuit Model Due
to I,y Only

For the system voltage contains no harmonic components, that is V; = 0, the
HAPF single-phase harmonic circuit model due to load harmonic current Iy, is
shown in Fig. 2.2a. From Fig. 2.2a,

sth + chh = ILxh (25)

K- sth = cthPPFh - sthZSh (26)
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From (2.5) and (2.6), the harmonic currents flow into the power system I,;, and
the HAPF 1., due to I;,; can only be expressed as:

Ko L ZppFn 2.7)
R R R '
1 K+ Z
chh_i === +7Sh (28)

Iy K+ Zg + Zppen

In a perfect HAPF compensation, Ky, ; = 0 and K.y, ; = 1 should be achieved
so that the load harmonic current flows into the HAPF (I, = I1.,;) and the power
system side does not contain any harmonic current (I, = 0). To achieve this
objective, K should be very large. Figure 2.2b shows a harmonic equivalent circuit
model due to I, only. From Fig. 2.2b, it seems that the inverter is equivalent as a
large harmonic impedance which is connected in series with the harmonic
impedance of the power system, so that it blocks the harmonic current flowing into
the power system and forces it to flow into the HAPF as deduced by (2.7) and
(2.8). Therefore, the power system harmonic current I, can be significantly
reduced if K is significantly large.

2.2.2 HAPF Single-Phase Harmonic Circuit Model Due
to Vg, Only

For the load current contains no harmonic components, that is I,;, = 0, the HAPF
single-phase harmonic circuit model due to system harmonic voltage Vi, is shown
in Fig. 2.3a. From Fig. 2.3a,

sth = _chh (29)
K - Iy, = L (Zppn + Zs) + Vi (2.10)

From (2.9) and (2.10), the harmonic currents flow into the power system I,y
and the HAPF [, due to Vj,, can be expressed as:

I, 1
Koxn v:;h: — 5 (211)
- sth K + Zsh + ZPPFh
L. 1
chh_v = e = 5 (212)

Ven K+ Zg + Zoprn

To lessen the effect of Vi, to the harmonic current contents in the power system
and the HAPF, K, , =0 and K. , = 0 should be achieved. To achieve this
objective, K should be very large. Figure 2.3b shows a harmonic equivalent circuit
model due to V,;, only. From Fig. 2.3b, it seems that the inverter is equivalent as a
large harmonic impedance which is connected in series with the harmonic
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impedance of the power system, so that the effect of Vi, to the power system and
the HAPF can be significantly reduced if K is significantly large.

From (2.7), (2.8), (2.11), and (2.12), with superposition theorem, the power
system harmonic current I, and the HAPF compensating harmonic current I,
due to Vi, and I, can be expressed as:

1 Zppri
I.s‘x = st + 1 2.13
"TKA+ Zsn + Zpprn "TK+ Zsh + Zpprn o ( )
1 K+2,
L = - RN (2.14)

K+ Zy, + Zppry K+ Zy, + Zpprp

When only its pure PPF part is used, that is K = 0 in (2.3) and (2.4), (2.13) and
(2.14) become:

1 ZppFj,
Ton = Ve + I 2.15
N Zon+ Zoven " Zao + Zoven ( )
th
Ip= ——— Vo +—2 g 2.16
" Zoi+ Zooen " Zoh + Zooen ( )

Comparing with (2.13) and (2.14), as K > 0, it is obvious that when the HAPF
is operating, its harmonic current compensating capability is better than the case
when only its pure PPF is used. Equation (2.13) also illustrates that the HAPF can
compensate the harmonic current components caused by both the nonlinear load
and the distorted system voltage. Moreover, it has the capability to suppress the
parallel resonance between the PPF and the impedance of the power system, and
also the series resonance of the PPF. In addition, the robustness of the system may
also be improved when the HAPF is adopted. In the following, the capabilities of
the HAPF to prevent parallel and series resonance phenomena, improve filtering
effects of the PPF, and enhance the system robustness will be analyzed, discussed,
and verified.

2.3 Investigation of HAPF Steady-State Compensating
Performances

In this section, the HAPF steady-state compensating performances are studied and
discussed with four evaluation indexes, capability to prevent the parallel and series
resonances, capability to improve the filtering performances of the PPF, and
capability to enhance the system robustness. Then, the corresponding simulation
results for the three-phase four-wire HAPF as shown in Fig. 1.8 will be presented
to illustrate and verify the PPF and HAPF steady-state compensating performance
analyses. The nonlinear load as shown in Fig. 1.8 is composed of three balanced
single-phase diode bridge rectifiers, which acts as harmonic producing load in this
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Table 2.1 HAPF simulated

. System parameters Values
system parameters for its
steady-state compensating Vi@ =a b o).f 220V, 50 Hz
performance analysis Ly, Let, Ce 1 mH, 5 mH, 80 pF
Vierv, Vaeir 50V
Lype, Cre Rypx 30 mH, 200 pF, 26 Q

chapter. Simulation studies were carried out by using Power System Computer
Aided Design (PSCAD)/Electro Magnetic Transient in DC System (EMTDC).
Table 2.1 shows a set of three-phase four-wire HAPF simulated system parameters
for analyzing its steady-state compensating performances compared with its PPF
part, where the coupling inductor L., and capacitor C,; are designed basing on the
reactive power consumption and the fifth-order harmonic frequency of the
inductive loading. To simplify the verification, the dc-link is supported by external
dc voltage source and the simulated three-phase loadings are balanced.

In addition, the HAPF reference compensating current can be determined by
using either the three-phase or single-phase instantaneous pq theory as discussed in
Appendix A.1 and A.2. Then the corresponding control block diagram of the three-
phase four-wire HAPF is also illustrated in Appendix A.1 or A.2. And hysteresis
PWM is applied for generating the required compensating current. Thus, the
compensating current error Ai., together with hysteresis band H will be sent to the
current PWM control part for generating the trigger signals to the switching
devices, insulated gate bipolar transistors (IGBTs) of the VSIL

2.3.1 HAPF Capability to Prevent Parallel Resonance

The parallel resonance between the PPF and the power system impedance may
occur when the operating conditions of the power system change, which results in
a harmonic current amplification phenomenon at the power system side. The
magnitude diagrams of Ky, ; = % (2.7) with respect to different operating fre-

quency f and power system inductance L; when only PPF is employed or the
HAPF is employed are shown in Fig. 2.4, in which Fig. 2.4 can help to analyze the
HAPF capability to prevent parallel resonance. From Fig. 2.4a, when only pure
PPF is used, K = 0 in (2.7), the harmonic current amplification phenomenon will
occur from the f range of 177-250 Hz with L, range from 0.1 to 5 mH, respec-
tively. When the HAPF is employed, the harmonic current amplification phe-
nomenon disappears, as shown in Fig. 2.4b. As a result, Fig. 2.4 clearly illustrates
that the HAPF has the capability to prevent the parallel resonance phenomenon, in
which the pure PPF cannot avoid this phenomenon.

Figure 2.5 shows the corresponding simulation results for the parallel resonance
prevention capability: (a) when only PPF is utilized and (b) HAPF is employed.
When L; increases from 1 to 5 mH, the parallel resonance between the PPF and
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Fig. 2.4 Capability to prevent the parallel resonance between the PPF and the impedance of the
power system: a when only PPF is utilized (K = 0) and b HAPF is employed (K = 50)

power system impedance can occur close to the third-order harmonic frequency.
This results in a third-order harmonic current amplification phenomenon at the
system side. Figure 2.5a shows that the pure PPF compensation will enlarge the
third-order harmonic current from 2.01 to 4.59 A. This phenomenon deteriorates
the compensation results as shown in Table 2.2, in which the total harmonic
distortion of the system current (THD; =54.5%) and load voltage
(THD,, = 10.5 %) do not satisfy the international standards (THD; < 20 % for
IEEE, THD; <16 % for IEC, THD, < 5 % for IEEE) [1-3]. Moreover, the
system neutral current iy has been increased from 5.84 to 13.83 A after PPF
compensation.

When the HAPF is employed, Fig. 2.5b shows that the HAPF can obtain better
compensation results without the occurrence of the parallel resonance phenome-
non. The amplitudes of system current fundamental, third harmonic, and other
harmonic contents have been significantly reduced. The nonlinear system current
and system displacement power factor (DPF) after HAPF compensation becomes
sinusoidal (THD; = 5.6 %) and unity, and the THD,, of load voltage is 4.8 %, in
which the HAPF compensation results as summarized in Table 2.2 satisfy the
international standards [1-3]. Moreover, iy, has been reduced from 8.56 to 1.16 A
after HAPF compensation.

Figure 2.5 and Table 2.2 clearly illustrate that the HAPF has the capability to
prevent the parallel resonance, in which the pure PPF cannot avoid this phe-
nomenon. These simulation results verify the previous PPF and HAPF parallel
resonance prevention analyses as shown in Fig. 2.4.

2.3.2 HAPF Capability to Prevent Series Resonance

The PPF may fall into series resonance when the system harmonic voltage pro-
duces excessive harmonic current flowing into the PPF. The magnitude diagrams

of Keyn v = ‘1/’; (2.12) with respect to different fand Ly when only PPF is employed
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Fig. 2.5 Simulation results for the parallel resonance prevention capability: a when only PPF is
utilized and b HAPF is employed

Table 2.2 Simulation results before and after PPF and HAPF compensation

Before compensation After compensation
Capabilities THD,, i,, DPF THD,. i, DPF THD,,
(%) (A) (%) (A) (%)
Prevent parallel resonance PPF 220 5.84 0.845 545 13.83 0.998 10.5
HAPF 30.0 8.56 0.838 5.6 1.16 1.000 4.8
Prevent series resonance PPF  30.0 8.10 0.838 >750 9.25 0999 52
HAPF 30.0 8.56 0.838 8.5 1.17  1.000 4.6
Improve filtering PPF  30.0 8.10 0.838 37.0 930 1.000 2.1
performances HAPF 30.0 8.56 0.838 5.0 090 1.000 2.2
Enhance system robustness PPF 254 6.86 0.837 44.0 10.20 0.999 5.5
HAPF 30.0 8.56 0.838 5.2 1.05 1.000 4.0

or HAPF is employed are shown in Fig. 2.6, in which Fig. 2.6 can help to analyze
the HAPF capability to prevent series resonance.

From Fig. 2.6a, when only pure PPF is used, K = 0 in (2.12), the PPF harmonic
current amplification phenomenon due to the distorted system voltage Vi, will
occur from frange of 177-250 Hz with the L range from 0.1 to 5 mH respectively.
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Fig. 2.6 Capability to prevent the series resonance between the PPF and the impedance of the
power system: a when only PPF is utilized (K = 0) and b HAPF is employed (K = 50)

When the HAPF is employed, the PPF harmonic current amplification phenomenon
disappears, as shown in Fig. 2.6b. As a result, Fig. 2.6 clearly illustrates that the
HAPF has capability to prevent the series resonance as well, in which the pure PPF
cannot prevent this phenomenon.

Figure 2.7 shows the corresponding simulation results for the series resonance
prevention capability: (a) when only PPF is utilized and (b) HAPF is employed. As
the coupling inductor L.; and capacitor C.; are tuned at fifth-order harmonic
frequency as shown in Table 2.1, when 4 % of fifth-order harmonic voltage is
added to the system voltage, the series resonance of the PPF can occur close to the
fifth-order harmonic frequency. This results in a fifth-order harmonic current
amplification phenomenon at the system side. Figure 2.7a shows that the pure PPF
compensation will enlarge the fifth-order harmonic current at the system side from
0.74 to 5.94 A. This phenomenon deteriorates the compensation results as shown
in Table 2.2, in which the total harmonic distortion of the system current
(THD;, > 75.0 %) and load voltage (THD,, = 5.2 %) do not satisfy the interna-
tional standards [1-3]. Moreover, iy, has been increased from 8.10 to 9.25 A after
PPF compensation.

When the HAPF is employed, Fig. 2.7b shows that the HAPF can obtain better
compensation results without the occurrence of the series resonance phenomenon.
The amplitudes of system current fundamental, fifth harmonic and other harmonic
contents have been significantly reduced. The nonlinear system current and system
DPF after HAPF compensation becomes sinusoidal (THD;, = 8.5 %) and unity,
and the THD,,_ of load voltage is 4.6 %, in which the HAPF compensation results
as summarized in Table 2.2 satisfy the international standards [1-3]. Moreover, iy,
has been reduced from 8.56 to 1.17 A after HAPF compensation. Figure 2.7 and
Table 2.2 clearly illustrate that the HAPF has the capability to prevent the series
resonance, in which the pure PPF cannot avoid this phenomenon. These simulation
results verify the previous PPF and HAPF series resonance prevention analyses as
shown in Fig. 2.6.
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Fig. 2.7 Simulation results for the series resonance prevention capability: a when only PPF is
utilized and b HAPF is employed

2.3.3 HAPF Capability to Improve Filtering Performances

From Table 2.1, Fig. 2.8a shows a bode diagram of K, ; = % (2.7) with respect
to different K values due to the effect of I;,;. And Fig. 2.8b shows a bode diagram
of Koy, = ‘I,—Xh] (2.11) with respect to different K values due to the effect of Viy,.
When only PPF is utilized, K =0 in (2.7) and (2.11), the harmonic current
amplification phenomenon occurs at «w = 1120 rad/s. However, when the HAPF is
employed (K = 25 or 50), all the harmonic current components can be signifi-
cantly decreased as shown in Fig. 2.8a, b. And the harmonic current amplification
phenomenon also disappears. In addition, the larger the K value, the better the
filtering performances can be obtained and vice versa. These results verify that the
active inverter part of the HAPF is capable to improve the filtering performances
of the PPF and compensate the harmonic current caused by both I, and V.
Figure 2.9 shows the corresponding simulation results for the filtering capa-
bility: (a) when only PPF is utilized and (b) HAPF is employed. From Fig. 2.9a,
when only pure PPF is employed, the amplitudes of the system current funda-
mental and fifth harmonic have been reduced. The system DPF becomes unity and
the fifth harmonic current at the power system side reduces from 0.74 to 0.26 A.
However, a larger THD;_is obtained after PPF compensation, from 30.0 to 37.0 %,

Lsx
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Fig. 2.8 Capability to improve the filtering performances of the PPF (K = 0, K = 25, K = 50)
due to: a I, and b V,

which is due to the decrease of the system current fundamental component and the
increase of the third-order harmonic current at the system side. The THD,, of load
voltage after PPF compensation is 2.1 %, in which the compensation results are
summarized in Table 2.2. The THD; after PPF compensation does not satisfy the
international standards [1, 2]. Moreover, i, has been increased from 8.10 to
9.30 A after PPF compensation.

When the HAPF is employed, Fig. 2.9b shows that the amplitudes of the system
current fundamental, fifth harmonic and other harmonic contents have been sig-
nificantly reduced. The nonlinear system current and system DPF after HAPF
compensation becomes sinusoidal (THD;, = 5.0 %) and unity, and the THD,, of
load voltage is 2.2 %, in which the HAPF compensation results as summarized in
Table 2.2 satisfy the international standards [1-3]. Moreover, iy, has been reduced
from 8.56 to 0.90 A after HAPF compensation. Figure 2.9 and Table 2.2 clearly
illustrate that the HAPF has the capability to improve the filtering performances of
the PPF. These simulation results verify the previous PPF and HAPF filtering
performance analyses as shown in Fig. 2.8.

2.3.4 HAPF Capability to Enhance System Robustness

Due to the effect of /1, Fig. 2.10 shows a bode diagram of Ky, ; = Lsan (2.7) with

I

respect to different Lyvalues when only PPF is employed or HAPF is employed.
When only the PPF is utilized, the harmonic current amplification point will move
to the lower frequency side as the increase of L, value and vice versa, as shown in
Fig. 2.10a. Moreover, L value affects the system filtering performances. When the
HAPF is employed, the harmonic current amplification point disappears no matter
what the Lg value is. Moreover, the harmonic current compensation characteristic
of the HAPF does not vary at all, as shown in Fig. 2.10b.
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Fig. 2.9 Simulation results for improving the filtering effects of the PPF: a when only PPF is
utilized and b HAPF is employed

Due to the effect of V,y, Fig. 2.11 shows a bode diagram of K, , = ";"’; (2.11)

with respect to different L; values when only PPF is employed or HAPF is
employed. Similar as Fig. 2.10, when only the PPF is utilized, harmonic current
amplification point will move to the lower frequency side as the increase of L
value and vice versa, as shown in Fig. 2.11a. When the HAPF is employed, the

(a) Bode Diagram (b) Bode Diagram
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Fig. 2.10 Capability to enhance the system robustness due to I7,;: a when only PPF is utilized
(K = 0) and b HAPF is employed (K = 50)
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harmonic current amplification point disappears no matter what the L, value is.
Moreover, the harmonic current compensation characteristic of the HAPF does not
vary at all, as shown in Fig. 2.11b. And it has also a large attenuation of more than
—34 dB, which reflects the power system harmonic current content caused by Vi,
can be significantly reduced when the HAPF is adopted.

Both results in Figs. 2.10 and 2.11 verify that the HAPF has capability to
enhance the system robustness even though L is varying.

Figure 2.12 shows the corresponding simulation results for the system robust-
ness enhancement capability: (a) when only PPF is utilized and (b) HAPF is
employed. When L increases from 1 to 3 mH, the harmonic current amplification
point of the pure PPF will move to the lower frequency side. This results in
enlarging the third-order harmonic current at the power system side as shown in
Fig. 2.12a. Though the amplitudes of the system current fundamental and fifth
harmonic contents have been reduced, a larger THD, is obtained after PPF
compensation, from 25.4 to 44.0 %. The increase of THD,;_ is due to the decrease
of the system current fundamental component and the increase of the third-order
harmonic current. Compared with Fig. 2.9a, Fig. 2.12a yields a larger THD; _ after
PPF compensation because increasing L; to 3 mH moves the current amplification
point closer to the third-order harmonic frequency, thus amplifying the amplitude
of the third-order harmonic current more and deteriorating the compensation
results. The THD,,_ of load voltage after PPF compensation is 5.5 %, in which the
compensation results are summarized in Table 2.2. Both THD;, and THD,, after
PPF compensation do not satisfy the international standards [1-3]. Moreover, iy,
has been increased from 6.86 to 10.20 A after PPF compensation.

When the HAPF is employed, Fig. 2.12b shows that even though L; increases
from 1 to 3 mH, the HAPF can still obtain similar and good compensation results
compared with Fig. 2.9b. The amplitudes of system current fundamental, fifth
harmonic and other harmonic contents have been significantly reduced. The
nonlinear system current and system DPF after HAPF compensation becomes

(a) Bode Diagram (b) Bode Diagram
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Fig. 2.11 Capability to enhance the system robustness due to V,,,: a when only PPF is utilized
(K = 0) and b HAPF is employed (K = 50)
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Fig. 2.12 Simulation results for enhancing the system robustness: a when only PPF is utilized
and b HAPF is employed

sinusoidal (THD;, = 5.2 %) and unity, and the THD,, of load voltage is 4.0 %, in
which the HAPF compensation results as summarized in Table 2.2 satisfy the
international standards [1-3]. Moreover, i, has been reduced from 8.56 to 1.05 A
after HAPF compensation. Figure 2.12 and Table 2.2 clearly illustrate that the
HAPF has the capability to enhance the system robustness. These simulation
results verify the previous PPF and HAPF in enhancing system robustness analyses
as shown in Figs. 2.10 and 2.11.

From the above simulation results and Table 2.2, they clearly illustrate that the
HAPF is capable to prevent the parallel resonance between the PPF and the power
system impedance, series resonance of the PPF, to improve the filtering charac-
teristic of the PPF, and to enhance the system robustness. Moreover, they verify
the PPF and HAPF steady-state compensating performance analyses.

2.4 Summary

In this chapter, a single-phase harmonic circuit model of the three-phase four-wire
center-split HAPF is deduced and built. Based on the harmonic circuit model, the
steady-state compensating performances for pure PPF and HAPF are deduced,
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discussed, and analyzed with four evaluation indexes, capability to prevent the
parallel resonance between the PPF and the impedance of the power system (2.7),
capability to prevent the series resonance of the PPF (2.12), capability to improve
the filtering performances (2.7), (2.11) and capability to enhance the system
robustness (2.7), (2.11). It is found that the HAPF has the capability to prevent
parallel and series resonance phenomena inherent in pure PPF, to improve the
filtering effects of the PPF, and to enhance the system robustness, in which all the
deduced and analyzed results are verified by simulation results.
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Chapter 3

Nonlinearity and Linearization
of Hysteresis PWM Study and Analysis
for HAPF

Abstract This chapter presents a hysteresis pulse width modulation (PWM) study
for three-phase four-wire hybrid active power filter (HAPF). As the coupling
inductor and capacitor (LC) impedance yields a nonlinear inverter current slope,
this can affect the controllability of using the conventional hysteresis control
method and generate unexpected trigger signals to the switching devices. This
results in deteriorating the system operating performances. Based on the proposed
modeling, the linearization of the hysteresis control for the HAPF is first studied,
investigated, and compared with the linear active power filter (APF). Two limits
are proposed in this work that divides the HAPF into nonlinear, quasi-linear, and
linear operation regions. The design criteria of hysteresis band and sampling time
can then be derived. Single-phase simulation and experimental results are given to
verify the hysteresis control study of HAPF compared with APF. Finally, repre-
sentative simulation and experimental results of a three-phase four-wire center-
split HAPF for power quality compensation are presented to demonstrate the
validity of the hysteresis linearization study.

Keywords Active Power Filter - Coupling LC - Hybrid Active Power Filter -
Hysteresis PWM - Linearization - Nonlinear Inverter Current Slope

3.1 Introduction

Pulse width modulation (PWM) techniques such as: hysteresis, ramp comparison,
space vector, etc. were traditionally developed based on linear concept [1]. They
are usually applied on the conventional linear inductive-coupling voltage source
inverters (L coupling VSIs) for different applications [1-9], such as: ac motor
drives, active power filter (APF), dynamic voltage restorer (DVR), etc. Among
different PWM methods, hysteresis is one of the most popular PWM strategies
[2-5] and widely applied in APF for current quality compensation, owing to its

C.-S. Lam and M.-C. Wong, Design and Control of Hybrid Active Power Filters, 39
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advantages such as ease of implementation, fast dynamic response, current lim-
iting capability, etc.

Inrecent research studies, the design principles and filtering characteristics for the
HAPF have been presented and discussed [10]. An optimal design of its dc-link
voltage has been introduced based on the vector trajectory method [11]. In order to
enhance the HAPF system response, a novel control technique has also been pro-
posed [12]. As the coupling LC of the HAPF yields a nonlinear inverter current slope,
this can affect the controllability of using the conventional hysteresis control method
and generate unexpected trigger signals to the switching devices, thus deteriorating
the system operating performances. However, there is still no research work neither
examining nor discussing the hysteresis margin constraints for this HAPF (i.e., LC
coupling VSI) if the linear hysteresis control strategy is applied.

Due to the limitations among the existing literatures, the modeling of the HAPF
will be first presented in this chapter. Via its modeling, the linearization work of
hysteresis PWM control for the HAPF will be studied in comparison to the linear
APF. Two limits: quasi-linear limit and linear limit which divide the HAPF into
nonlinear, quasi-linear, and linear regions are proposed. With respect to different
coupling LC values, this chapter aims to define the corresponding requirements for
hysteresis band and sampling time, such that the inverter current slope of the
HAPF can be approximately treated as linear using the hysteresis method.
Otherwise, unexpected trigger signals will be generated to the switching devices
and strongly affect the HAPF compensating performances. Finally, simulation and
experimental results for single-phase and three-phase systems are presented to
verify the hysteresis control study for the HAPF compared with that of linear APF.

3.2 Modeling of a Three-Phase Four-Wire Center-Split
HAPF and APF

3.2.1 Circuit Configuration of a Three-Phase Four-Wire
Center-Split HAPF and APF

Figures 3.1 and 3.2 illustrate the circuit configuration of a three-phase four-wire
HAPF and APF, where the subscript ‘x’ denotes phase a, b, c,and n. vy, is the
system voltage, v, is the load voltage, and L, is the system inductance normally
neglected due to its low value relatively, thus v, = v,. iy, irx, and i are the
system, load, and inverter current for each phase. C.; and L. are the coupling
capacitor and inductor of the HAPF, in which C,; and L., are designed basing on
the reactive power consumption and the dominant harmonic current of the
inductive loading. L., is the coupling inductor of the APF, in which L, is designed
basing on the switching frequency, switching ripple, and dc-link voltage level
consideration. Cgc1, Vge1,, and Vg, are the dc capacitor, upper, and lower dc
capacitor voltages of the HAPF, while Cyc2, Vicz,, and Vi, are the dc capacitor,
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Fig. 3.2 An active power filter (APF)

upper, and lower dc capacitor voltages of the APF. The dc-link midpoint is
assumed to be ground reference (g). From Figs. 3.1 and 3.2, the inverter line-to-
ground voltages v;,,jx—, Will be equal to the inverter line-to-neutral voltages vijx—
because the neutral point n is connected to the dc-link midpoint g, where subscript
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j = 1 represents the HAPF and j = 2 represents the APF. The nonlinear loads are
composed of three single-phase diode bridge rectifiers, which act as harmonic
producing loads in this chapter. In the following, all the analyses are based on
sufficient dc-link voltage assumption. Moreover, the internal resistance of the
coupling part is assumed to be small and can be neglected.

3.2.2 Mathematical Modeling of a Three-Phase Four-Wire
Center-Split HAPF and APF

From Figs. 3.1 and 3.2, the switching functions S, for each inverter leg of the
HAPF and APF can be given as:

(3.1)

5 — 1when T}, is ON and T», is OFF
* | —1whenT»,is ON and T}, is OFF

For Vg, = Vaj, = 0.5Vg;, the output voltage for each inverter leg can be
expressed as:
Vinvjix = Sy X O.SVde (32)

The inverter line-to-neutral voltage Vinjx—, can be expressed as:
Vinvix—n = Vinvix — Vn = Vinvjx (33)

where the neutral line voltage v, = 0, the switching state of an inverter leg is
independent of the switching states of the other two legs, the inverter line-to-
neutral voltage vin,;, for each leg is either equal to —0.5V; or +0.5V;.

From Fig. 3.1, the relationship among the inverter current i, load voltage v,,
coupling capacitor voltage ve.iy, and inverter line-to-neutral voltage v;,,1, of the
HAPF is:

dic (1
La P00y (6) = )~ vl (34)
From (3.2), the modeling for each inverter leg of the HAPF can be expressed as:
di(t
L %}F) =8, X 0.5Ve1 — vie(t) — veern(t) (3.3)
dveerx(t) .
C.r %() = (1) (3.6)

From Fig. 3.2, the relationship among the inverter current i., load voltage v,
and inverter line-to-neutral voltage v;,,», of the APF is:

di (1)

L
c2 dt

= Vimx (1) — (1) (3.7)
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From (3.2), the modeling for each inverter leg of the APF can be expressed as:
di (1)
dt

Via (3.4)—(3.8), the linearization study of hysteresis control for the HAPF in
comparison to the linear APF will be presented in the following.

LL’Z

=S¢ X 0.5Vie0 — (1) (3.3)

3.3 Hysteresis PWM Control for HAPF
3.3.1 Nonlinearity of HAPF Inverter Current Slope

As the coupling LC of the HAPF yields a nonlinear inverter current slope, this can
affect the controllability of using the conventional hysteresis PWM, the lineari-
zation of the hysteresis control for the HAPF should be investigated. In this
section, the slope of the HAPF inverter current i is categorized into three
operation regions: (i) nonlinear region (ii) quasi-linear region, and (iii) linear
region, in which their corresponding definitions and diagrams under hysteresis
control are given below:

(1) Nonlinear region: The slope of the HAPF inverter current i, is defined as
‘nonlinear’ if its slope polarity has interchanged from positive to negative or
vice versa before i x touches the top or bottom hysteresis band H (within each
switching on f,, or off 7 interval), as shown in Fig. 3.3a. i, is the reference
inverter current.

(2) Quasilinear region: The slope of the HAPF inverter current i is defined as
‘quasi-linear’ if its slope polarity changes only when i touches the top or
bottom hysteresis band H. Within each switching on or off interval, the
absolute percentage error of its current slope compared with a linear one is
larger than & % (|dicy/dt|,, > € %), as shown in Fig. 3.3b. The current slope
error limit ¢ can be determined in Appendix A.3.

(3) Linear region: The slope of the HAPF inverter current i, can be treated as
‘linear’ if its slope polarity changes only when i touches the top or bottom
hysteresis band H. Within each switching on or off interval, the absolute
percentage error of its current slope compared with a linear one is less than or
equal to ¢ % (|dicx/dt|. < &%), as shown in Fig. 3.3c.

error —

In addition, these three operation regions are separated by two limits: quasi-
linear limit 7jim;; and linear limit Tjipeqr, 1n Which their values are determined based
on a constant reference inverter current i, assumption as given in Appendix A.3.
After that, the corresponding quasi-linear limit Hjjp and linear limit Hjpe,, for the
hysteresis band can be obtained in Appendix A.4. In the following, these three
definitions and two limits will be used for the HAPF inverter current slope linearity
justification under hysteresis control method.
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Fig. 3.3 Slope of the HAPF inverter current i., under hysteresis PWM control: a nonlinear
region b quasi-linear region and c¢ linear region

In practical case, as different loading situations may require different coupling
C.1 and L. values, thus yielding different T (Hlimit) and  Tiipear (Hlinear>
values (Appendix A.3—-A.4), it is important and necessary to carry out this linearity
analysis, so that the linear operation region for each HAPF system can be
achieved. To simplify the verification, the coupling part internal resistance for the
HAPF and APF are approximately treated as zero in the following simulations and
experiments because their values are usually small in practical situation.

3.3.2 Single-Phase Simulation and Experimental Results
Jor HAPF Inverter Current Slope Linearization
Analysis

Under constant reference inverter current i, assumption, Fig. 3.4a and b illustrate
the HAPF and APF single-phase inverter current slope linearization study models
for upper switch T7, at different switching on interval (t = t,,), in which the upper
switch is an IGBT. E; and E; represent the instantaneous peak voltage difference
between the inverter output voltage and load voltage. Reversing the polarity of E;
and E, will yield their models for lower switch T, (t = tofr). As the only dif-
ference between upper and lower switches is the opposite current polarity, the
results for 75, will not be included. In short, E; and E, can be treated as dc voltage
inputs. In addition, the load voltage is treated as a constant value for the following
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Fig. 3.4 Single-phase model for upper switch 7}, at different ¢,, interval: a HAPF and b APF

analysis. Table 3.1 lists the system parameters of HAPF and APF single-phase
models. When the internal resistance of the coupling part is small and can be
neglected, the current slope for APF will be linear no matter what the switching
interval is, as verified by (3.7), (3.8). Since E; and E, values do not affect the
determination results of the quasi-linear limit and linear limit, £; and E, are
chosen as 20 V in this work. From Table 3.1, the quasi-linear limit and linear limit
for HAPF can be determined as: Ty = 1,000 ps and Tjipear = 200 pis, respec-
tively, (Appendix A.3). Simulation studies were carried out by using PSCAD/
EMTDC. In the following, simulation and experimental results for Fig. 3.4a and b
will be given to verify the HAPF inverter current slope linearization analysis
compared with the linear APF. Figures 3.5 and 3.8 illustrate the simulated and
experimental inverter current i.; and i., for their single-phase models at different
switching on interval.

In order to satisfy the linear region definition |di../dt|.., <5 % (Appendix
A.3-A.4), the slope error of HAPF inverter current i.; compared with the APF one
ic» should be less than 5 %. From Fig. 3.5a, when f,, > 1,000 ps, which is larger
than the quasi-linear limit (7jimie = 1, 000 ps), the rising slope of i.; as in Fig. 3.5a
is nonlinear compared with that of i., as shown in Fig. 3.6a. However, even when
ton = 1,000 ps and 7., = 500 ps satisfy the quasi-linear limit, they do not satisfy
the linear limit. It is obvious that Fig. 3.5b and c contain current slope errors (35.3,
10.0 %) compared with that of APF as shown in Fig. 3.6b and c. These errors have
the potential of deteriorating the system operating performance significantly.
When ¢,, = 200 us, which satisfies the linear limit (7o, = 200 ps), the current
slope error decreases to 1.5 % (within the linear region definition
|dicx /dt| ooy <5 %), ic1 in Fig. 3.5d is approximately the same as i., in Fig. 3.6d.

The experimental current i.; and i., for their single-phase models at different
switching on interval (f = t,,) are shown in Figs. 3.7 and 3.8, in which the
experimental results are consistent with the simulation results as shown in
Figs. 3.5 and 3.6. When ¢,, > 1,000 ps, the rising slope of i.; as shown in Fig. 3.7a

Table 3.1 System

System parameters Physical values
parameters of HAPF and APF
single-phase models Let, L 6 mH

Ce1 70 uF

E, E, 20 V (dc)
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Fig. 3.6 Simulated i., of
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different ¢, interval and

E, =20 V:at,, = 2,000 ps
(Linear), b z,, = 1,000 ps
(Linear), ¢ t,, = 500 ps
(Linear), and d ¢#,, = 200 ps
(Linear)
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Fig. 3.7 Experimental i.; of
HAPF single-phase model at
different ¢, interval and

E, =20 V:at,, = 2,000 pus
(Nonlinear), b 7,, = 1,000 ps
(Quasi-linear), ¢ t,, = 500 ps
(Quasi-linear), and

d t,, = 200 ps (Linear)
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Fig. 3.8 Experimental i, of
APF single-phase model at
different ¢, interval and

E, =20 V:at,, = 2,000 ps
(Linear), b z,, = 1,000 ps
(Linear), ¢ t,, = 500 ps
(Linear), and d ¢#,, = 200 ps
(Linear)
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is nonlinear compared with that of i, as shown in Fig. 3.8a. Even when
ton = 1,000 pus and 7, = 500 ps satisfy the quasi-linear limit (Tjimi; = 1,000 ps), it
is obvious that Fig. 3.7b and c contain current slope errors (35.1, 13.4 %) com-
pared with that of APF as in Fig. 3.8b and c. When 7., = 200 ps, which satisfies
the linear limit (Tjjpear = 200 pis), the current slope error decreases to 4.6 % (within
the linear region definition), i.; in Fig. 3.7d is approximately the same as i, in
Fig. 3.8d.

As the load voltage is treated as a constant value in the analysis, its inconstant
effect to the HAPF nonlinearity analysis can be neglected. From Figs. 3.5, 3.6, 3.7,
and 3.8, APF always obtains a linear current slope, whereas HAPF can obtain a
nonlinear current slope due to its inherent nonlinear characteristic. The single-
phase simulation and experimental results verify the hysteresis linearization study
of HAPF compared with that of linear APF.

3.3.3 Summary for Determining Quasi-Linear Limit T;,;,
and Linear Limit Ti;,eqr

In summary, the quasi-linear limit 7jjp;, linear limit Tjipeqar, and their corresponding
hysteresis bands (Hjimit, Hiinear) for the HAPF can be determined in the following
steps:

(1) Input system parameters L.; and C,j, by setting A = cos w,t = 0, T is the
minimum value among all ¢ values when A = O(excluding ¢ = 0), where
@, = 1/+/L¢1Cei. Hymir can then be obtained by (A.19) in Appendix A.4.

(2) Finding Tjinear value by setting d;‘t“ error= |1 — cos w,t| = ¢ %(A.16), ¢ is set to

5 % in this work (Appendix A.3). Hjnear can then be obtained by (A.19).

3.4 HAPF Linearization Study Verification Under Three-
Phase Four-Wire Power Quality Compensator
Application

The previous linearization analyses and verifications are based on constant ref-
erence inverter current i7, assumption (Appendix A.3), which yields a fixed
switching frequency as verified by (A.19) and illustrated in Fig. 3.9a. However, i,
is not a constant value and unpredictable in practical three-phase four-wire power
quality compensator application, thus the switching frequency of the practical
HAPF system under a fixed hysteresis band value is not fixed as verified by (A.18)
and illustrated in Fig. 3.9b. From Fig. 3.9b, when the slope of the inverter current
i.x keeps the same as Fig. 3.9a, it is obvious that ton1, ton2 > Tlinear, and togf1,
fotf2 < Tiincar due to the variation of reference inverter current i, . In addition, when
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(a) (b)

fow under Hjinear is not fixed

fow under Hijnear is fixed
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Fig. 3.9 Hysteresis PWM control under Hj;,,, based on: a previous constant i, * assumption
and b inconstant i., consideration

the slope of i is the same polarity as the reference i, tont, fon2 > Tiincar and vice
versa. Owing to Hipeyr is set under a small slope error of ¢ = 5% in this work, it
can also be treated as the linear hysteresis band limit during practical case.

In practical, three-phase four-wire power quality compensator application, by
setting the hysteresis band H significantly smaller than the quasi-linear limit Hiipi¢
or linear limit Hijpeyr, it is possible to keep the HAPF operates in quasi-linear
region or linear region.

3.4.1 Determination of Final Sampling Time T,
and Hysteresis Band Hg,,,

The final sampling time T4y, and hysteresis band Hypna for the HAPF can be
determined in the following steps:

(1) For the fastest sampling time by AD converter iS Ty, the final sampling
time Tfinal can be chosen as: Tfastesl < Tfinal < Tlinear-

(2) For the switching frequency limitation of the switching devices is fowlimii(sp)s
the hysteresis band Hyiimitsp) based on fiyiimit(sp) can be obtained via (A.19).
Then the final hysteresis band can be chosen as Hyiimit(sp) < Hfinal < Hiinear in
order to obtain a linear hysteresis control for the HAPF.

3.4.2 Simulation and Experimental Verifications
for HAPF Linearization Study Under Three-Phase
Four-Wire Power Quality Compensator Application

In this section, the HAPF linearization study under three-phase four-wire power
quality compensator application as shown in Fig. 3.1 will be investigated by both
simulations and experiments. To simplify the verification, the dc-link is supported
by external dc voltage source and the simulated and experimental three-phase
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Table 3.2 HAPF simulated

. System parameters Physical values
and experimental system
parameters for power quality x (x=abo), f 55V, 50 Hz
compensation s 0.5 mH
Let, Ca 6 mH, 70 uF
Cer 5 mF
Vacros Vaer 30V
Lypixs Cneie Ryeix 30 mH, 202 uF, 25 Q

loadings are approximately balanced. Simulation studies were carried out by using
PSCAD/EMTDC. In order to verify the simulation results, a 55 V, 1.65kVA three-
phase four-wire center-split HAPF experimental prototype is also implemented in
the laboratory. The control system of the prototype is a digital signal processor
(DSP) TMS320F2407 and the sampling time is chosen as 50 ps (20 kHz).
Moreover, the Mitsubishi IGBT intelligent power modules (IPMs) PM300DSA060
are employed as the switching devices for the inverter. The switching frequency
limitation of the switching devices fiyiimitsp) is 20 kHz and the corresponding
Hgyiimitsp) = 0.0625A. The photo of the experimental prototype is shown in
Appendix A.5. Table 3.2 lists the HAPF simulated and experimental system
parameters for power quality compensation. From Table 3.2, the quasi-linear limit
and linear limit for HAPF can be calculated as Ty = 1,000 pus (Hyjjmie = 1.25A)
and Tiinear = 200 pus (Hiinear = 0.25A), respectively.

The HAPF reference compensating current can be determined by using either
the three-phase or single-phase instantaneous pq theory as discussed in Appendix
A.1 and A.2. Then, the corresponding control block diagram of the three-phase
four-wire HAPF is illustrated in Appendix A.1 or A.2. And hysteresis PWM is
applied for generating the required compensating current. Thus, the compensating
current error Ai ., together with hysteresis band H will be sent to the current PWM
control part for generating the trigger signals to the IGBTs of the VSI. In the
following, representative simulation and experimental results are included to
illustrate and verify the HAPF inverter current slope linearization study under
three-phase power quality compensator application.

3.4.3 Simulation Results

Figure 3.10a shows the simulated reference inverter current i, , and Fig. 3.10b—d
depict the simulated inverter current i, when the HAPF is operating at nonlinear
region, quasi-linear region, and linear region. Table 3.3 summarizes their corre-

sponding simulation results before and after compensation.

(1) Nonlinear region: As Tiiymix = 1,000 us (Hiimie = 1.25A), the hysteresis band
H = 1.25A will keep the HAPF operating at nonlinear region The polarity of
the inverter current slope has interchanging before i.x touches the band H at
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Table 3.3 Simulation results for hysteresis PWM-controlled HAPF before and after compensation
at different operation regions

HAPF with V0, Vaerz = 30 V, Coy = 70 pF,

lel =6 mH

Before After comp.

COmp- - yH = 1.25A (b) H= 0.50A (c) H = 0.156A

(Nonlinear) (Quasi-linear)  (Linear)

RMS of system current iy, (A) 2.67 2.36 2.17 2.12
System displacement power  0.83 1.00 1.00 1.00
factor (DPF)
Total harmonic distortion of  28.0 31.2 17.3 6.2
system current THD;,, (%)
Total harmonic distortion of 2.1 7.2 6.6 2.8
load voltage THDy, (%)
RMS of system neutral current 2.18 1.40 0.68 0.32
isn (A)
Average operating switching — 0.6 k 1.7k 5.1k

frequency f;,, (Hz)

@)

3

some instances, which can be verified by Fig. 3.10b. Table 3.3 illustrates that
the HAPF can compensate the system displacement power factor (DPF) from
0.83 into unity. However, the nonlinear slope of i, deteriorates the com-
pensation results (THD; = 31.2 %, THDy, = 7.2 %, root mean square (RMS)
of the system neutral current iy, = 1.40A) by generating unexpected trigger
signals to the switching devices. Moreover, both compensated THD; and
THDy, do not satisfy the international standards (THD; <20% for IEEE,
THD; <16 % for IEC, THD, <5 % for IEEE) [13-15]. From Table 3.3, the
system average operating switching frequency is 0.6 kHz.

Quasi-linear region: Setting the band H = 0.50A can keep the HAPF oper-
ating at quasi-linear region. The polarity of the inverter current slope changes
only when i  touches the band H, as shown in Fig. 3.10c. The system DPF has
been compensated into unity and iz, = 0.68A. When HAPF is operating at
quasi-linear region, the current slope error is significant, which affects the
system performances. This phenomenon can be verified by showing com-
pensated THD; = 17.3% and THDy, = 6.6% as shown in Table 3.3, in
which both of them do not satisfy the international standards [13—15]. From
Table 3.3, the system average operating switching frequency is 1.7 kHz.
Linear region: As Tiinear = 200 S (Hyinear = 0.25A) and Hyyjimisp) = 0.0625A,
the hysteresis band H = 0.156A can satisfy both the linear limit and the
switching frequency limitation of the switching devices. This band value can
keep the HAPF operating at linear region as verified by Fig. 3.10d. Table 3.3
illustrates that H = 0.156A yields the best compensation performances among
the three operation regions. The system current, system neutral current, and
system DPF after compensation become sinusoidal (THD; = 6.2 %), less
(0.32A), unity and THDy, =2.8%, in which all the results satisfy the
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international standards [13—15]. From Table 3.3, the system average operating
switching frequency is 5.1 kHz. When H is further decreased, the HAPF can
obtain better compensation results as the slope error can be reduced.

3.4.4 Experimental Results

Figure 3.11a shows the experimental reference inverter current i, in DSP, and
Fig. 3.11b—d depict the experimental inverter current i,y when the HAPF is
operating at nonlinear region, quasi-linear region, and linear region. Table 3.4
summarizes their experimental results before and after compensation.

1. Nonlinear region: As Tymit = 1,000 us (Hiimie = 1.25A), the hysteresis band
H = 1.25A will keep the HAPF operating at nonlinear region. The polarity of
the inverter current slope has interchanging before i., touches the band H at
some instances, as shown in Fig. 3.11b. Table 3.4 illustrates that the HAPF can
compensate the system DPF close to unity. However, the nonlinear slope of i.,
deteriorates the compensation results (THD; , = 27.3 %, THDy, = 5.6 % for the
worst phase, is; = 1.46A) by generating unexpected trigger signals to the
switching devices. Moreover, both compensated THD; and THDy, do not
satisfy the international standards [13—15]. From Table 3.4, the system average
operating switching frequency is 0.5 kHz.

2. Quasi-linear region: Setting the band H = 0.50A can keep the HAPF operating
at quasi-linear region. The polarity of the inverter current slope changes only
when i.x touches the band H, as shown in Fig. 3.11c. The system DPF has been
compensated close to unity. When HAPF is operating at quasi-linear region, the
current slope error is significant, which affects the operating performances
(THD;,, = 16.4% and THDy, = 4.3% for the worst phase, iz = 0.98A) as
shown in Table 3.4, and the compensated THD; does not satisfy the interna-
tional standards [13-15]. From Table 3.4, the system average operating
switching frequency is 1.1 kHz.

3. Linear region: As Tiinear = 200 U8 (Hiinear = 0.25A) and Hyimit(sp) = 0.0625 A,
the hysteresisband H = 0.156 A can satisfy both the linear limit and the switching
frequency limitation of the switching devices. This band value can keep the HAPF
operating at linear region as verified by Fig. 3.11d. Table 3.4 illustrates that
H = 0.156 A yields the best compensation performance among the three oper-
ation regions. The system DPF has been compensated close to unity, THD; =
9.8% and THDy, = 3.0 % for the worst phase, iy, = 0.64A, in which all the
compensated results satisfy the international standards [13—15]. From Table 3.4,
the system average operating switching frequency is 3.1 kHz.

Comparing Table 3.4 with Table 3.3, 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 experiment. Moreover, those factors will affect the HAPF
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compensation performances significantly in linear region operation because more
precise A/D signals, computation and control for the HAPF are required. To
improve the performances (reduce the slope error) of the HAPF experimental
prototype, the hysteresis band H value can be further reduced.

The experimental results as shown in Fig. 3.11 and Table 3.4 agreed with the
simulation results as shown in Fig. 3.10 and Table 3.3, which verifies the hys-
teresis linearization study for HAPF under three-phase four-wire power quality
compensator application. In addition, the HAPF can compensate the system DPF
to unity among the three operation regions. However, only when the HAPF is
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Table 3.4 Experimental results for hysteresis PWM controlled HAPF before and after
compensation at different operation regions

HAPF with V.10, Vyer =30V, C.y =70 pF, L,; = 6 mH

Before After comp.
comp.
(a) H=1.25A (b) H= 0.50A (c) H= 0.156A
(Nonlinear) (Quasi-linear)  (Linear)

RMS of system current i, (A) A 242 221 2.13 2.10

B 242 220 2.14 2.11

C 235 207 1.96 1.94
System displacement power A 086 1.00 1.00 1.00
factor (DPF) B 0.89 1.00 1.00 1.00

C 0.86 1.00 1.00 1.00
Total harmonic distortion of A 232 273 16.1 9.5
system current THDjq, (%) B 224 259 16.4 9.2

C 234 262 16.0 9.8
Total harmonic distortion of A 25 56 4.3 2.8
load voltage THDy, (%) B 24 52 4.2 3.0

Cc 25 51 4.2 2.9
RMS of system neutral current iy, (A) N 1.57 1.46 0.98 0.64
Average operating switching A - 05k 1.1k 3.1k
frequency f;,, (Hz) B

C

operating at linear operation region, the compensated THD, and THDy can satisfy
the international standards [13-15].

Figure 3.13 depicts the experimental three-phase system current ig, before and
after compensation, in which the results are consistent with the simulation results
as shown in Fig. 3.12. And the current harmonics and neutral current can only be
significantly compensated at HAPF linear operation region. When the HAPF
operates at linear region, it can obtain acceptable current quality compensation
performances (Tables 3.3 and 3.4) with an average power loss of about 4.0 % of
the loading power consumption and a fast response time of less than 10 ms.

3.5 Summary

In this chapter, the characteristic and linear requirement of hysteresis PWM
control for a HAPF are investigated and discussed. Based on the modelings, the
nonlinear phenomenon and linearization process for the HAPF inverter current
slope are studied, explored, and compared with that of the linear APF. According
to the designed coupling C.; and L.; for HAPF, two limits: quasi-linear limit and
linear limit are proposed, which separate the HAPF into nonlinear, quasi-linear,
and linear operation regions. In order to ensure the controllability of using the
conventional hysteresis control and to avoid obtaining unexpected trigger signals
for the switching devices, the hysteresis band, and sampling time should satisfy the
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Fig. 3.13 Experimental i before and after HAPF compensation at different operation regions:
a before compensation, b nonlinear region (H = 1.25A), ¢ quasi-linear region (H = 0.50A), and
d linear region (H = 0.156A)

linear limit requirement. Single-phase simulation and experimental results are
presented to verify the hysteresis linearization study of the HAPF and compared
with that of the APF. Finally, representative simulation and experimental results of
HAPF under three-phase power quality compensation system are given to prove
the validity of the hysteresis linearization study.
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Chapter 4

Adaptive DC-Link Voltage Control
Technique for HAPF in Reactive Power
Compensation

Abstract This chapter presents a novel adaptive dc-link voltage control technique
for hybrid active power filter (HAPF) in reducing switching loss and switching noise
under reactive power compensation. The mathematical relationship between HAPF
dc-link voltage and reactive power compensation range is initially deduced and
presented. Based on the compensation range analysis, the required minimum dc-link
voltage with respect to different loading reactive power is deduced. Then an adaptive
dc-link voltage controller for the three-phase four-wire HAPF is proposed, in which
the dc-link voltage as well as the reactive power compensation range can be adap-
tively changed according to different inductive loading situations. Therefore, the
compensation range, switching loss, and switching noise of the HAPF can be
determined and reduced correspondingly. In this chapter, the reference dc-link
voltage is classified into certain levels for selection in order to alleviate the problem
of dc voltage fluctuation caused by its reference frequent variation, and hence
reducing the fluctuation impact on the compensation performances. Finally, repre-
sentative simulation and experimental results of a three-phase four-wire center-split
HAPF are presented to verify the validity and effectiveness of the proposed adaptive
dc-link voltage controlled HAPF in dynamic reactive power compensation.

Keywords Active Power Filter - Adaptive DC-Link Voltage Control - Hybrid
Active Power Filter - Passive Part - Reactive Power Control - Switching Loss -
Switching Noise

4.1 Introduction

Traditionally, the active inverter part of the existing HAPF is solely responsible for
the current harmonics compensation [1-7] and the HAPF can only inject a fixed
amount of reactive power which is provided by its coupling LC. In a practical case,
the load-side reactive power consumption varies from time to time, as a result, the
HAPF [1-7] cannot perform satisfactory dynamic reactive power compensation. The
larger the reactive power compensation difference between the load-side and the
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coupling LC, the larger the system current loss, and it will lower the network stability.
In addition, if the loading is dominated by a centralized air-conditioning system, its
reactive power consumption will be much higher than the harmonic power con-
sumption [8, 9]. Therefore, it is important and necessary for the HAPF to possess
dynamic reactive power compensation capability under this loading situation.

Besides, the HAPF [1-7] and other HAPF topologies are all operating at a fixed
dc-link voltage level. As the switching loss is directly proportional to the dc-link
voltage [10], the system will obtain a larger switching loss if a higher dc-link
voltage is used, and vice versa. Therefore, if the dc-link voltage can be adaptively
changed according to different loading reactive power situations, the system can
obtain better performances and operational flexibility.

To achieve the above two functionalities of the HAPF, which are lacking
among the existing literatures, this chapter proposes an adaptive dc-link voltage
control technique for the three-phase four-wire HAPF in dynamic reactive power
compensation. Compared with the traditional fixed dc-link voltage HAPF, the
adaptive control technique for the HAPF will experience less switching loss,
switching noise and improve the compensation performances.

In the following, the single-phase fundamental equivalent circuit model of the
HAPF will be initially illustrated. Based on the circuit model, the relationship
between the HAPF dc-link voltage and reactive power compensation range can be
obtained. Then the required minimum dc-link voltage with respect to different
loading reactive power will be deduced. Then the main contribution of this chapter
on the adaptive dc-link voltage controller for three-phase four-wire HAPF in
dynamic reactive power compensation will be described. Finally, simulation and
experimental verification of the adaptive dc-link voltage controlled HAPF will be
presented and discussed. Given that most of the loads in the distribution power
systems are inductive, the following analysis and discussion will only focus on
inductive loads [11]. Moreover, as this chapter mainly focuses on HAPF reactive
power compensation, hence only the HAPF reactive power compensation analysis,
simulation, and experimental results are included in this chapter.

4.2 Single-Phase Fundamental Equivalent Circuit Model
of HAPF

From the HAPF circuit configuration as shown in Fig.1.8, its single-phase fun-
damental equivalent circuit model is shown in Fig. 4.1, where the subscript ‘f’
denotes the fundamental frequency component. In the following analysis, all the
parameters are in RMS values.

For simplicity, v, and v, are assumed to be pure sinusoidal without harmonic

components (i.e., Vx = VX = |‘7x‘ = V,). From Fig. 4.1, the inverter fundamental
voltage phasor V

inviy, Can be expressed as

— -

V. = Vx - ZPPFf . ch/ (41>

invlxy
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Fig. 4.1 HAPF single-phase .
fundamental equivalent -
circuit model

Loy l
Zppry Ly

SEW @

Vinvi xf

Here, prpf is the fundamental impedance of the coupling passive part, the
fundamental compensating current phasor Tcxf of the HAPF can be expressed as
icx, = Iiy, + jley,, where the subscripts ‘p” and ‘g’ denote the active and reactive
components. I, is the fundamental active current for compensating loss and
dc-link voltage control while Ly, is the fundamental reactive current for com-
pensating reactive power of the loading. Simplifying (4.1) yields,

Vinle/ = VinVlep +jvinlefq (42)
where

Vinviy, = Vit Lex, Xppr, (4.3)
Vi“VIXﬁ, = _chf,,XPPFf

Xppr, is the fundamental reactance of the coupling passive part. From (4.3), the

fundamental compensating active current /., and reactive current I, are

Vinv X,
Ly, = — (4.4)
’ XpPF,
Vinle - Vx
Iy, = —"—F 45
f" XpPF; (4:3)

As the HAPF aims to compensate fundamental reactive power, the steady-state
active fundamental current /., from the inverter is small (chﬁ, ~ O) provided that
the dc-link voltage control is implemented. Thus, Vinyiy, ~ 0. Therefore, the effect
of dc-link voltage control for the HAPF system can be simply neglected during
steady-state situation.

For a fixed dc-link voltage level Vic1, =Vge1, = 0.5 Vgc1 and modulation index
m is assumed as m ~ 1, Ry, represents the ratio between the dc-link voltage Vyc1,,
Vie1, and load voltage V, reference to neutral n, which can be expressed as

:l:Vinlef _ +0.5 Vdcl/\/E _ Vdcl

Ry, = =+ 4.6
Ve V. v, 2\/§ V. ( )
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where Vinyiyr is the inverter fundamental RMS voltage.

For the HAPF system, the coupling passive part is composed of a series con-
nection of an inductor (L.;) and a capacitor (C), and C.; dominates the passive
part at fundamental frequency. However, if the coupling passive part is replaced by
a pure inductor (L), the original HAPF system will become an APF. With the
effect of dc-link voltage control being neglected (ICX” = O) at steady-state,
substituting Xppr, = X1c2, for APF and Xppr, = —|Xce1, — Xve1, | for HAPF, their
corresponding fundamental reactive power injection range Q. per square of the

load voltage level V? with respect to different Ry, can be shown in Fig. 4.2.

Since Q. should be negative for inductive loading compensation, from
Fig. 4.2, the ratio Ry, for APF must be at least >1, while the ratio Ry, for HAPF
is possible to be smaller than 1 within a specific operational range. This means that
the required dc-link voltage Vg, Vo, for APF as shown in Fig. 3.2 must be
larger than the peak of load voltage V, regardless of the coupling inductance L,
while the required dc-link voltage Vic1,, Va1, for HAPF can be smaller than the
peak of V, within that operational range. When Ry,, = 0, it means that both the
APF and HAPF are operating at pure passive filter mode, in which the APF at
Ry, = 0 cannot support inductive loading compensation while the HAPF can
support a fixed Q. Moreover, this fixed Q. depends on the passive part
parameters. Figure 4.2 clearly illustrates the main advantage of HAPF over the
traditional APF under inductive loading reactive power compensation. Under the
same dc-link voltage consideration in Fig. 4.2b, when the coupling capacitor C;
or inductor L; of the HAPF increases, the upper limit of |Q.,| for inductive
loading compensation region increases, however, the lower limit of [Q,,, | for that
region decreases and vice versa. In the following section, the mathematical
deduction details of the HAPF fundamental reactive power compensation range
with respect to the de-link voltage under I, = 0 assumption will be given. After
that, the required minimum dc-link voltage with respect to different loading
reactive power can be deduced.

(a) (b)
0.3 0.3
——— HAPF (Lo1=6mH & Col=140uF)
0.24 e 0.24 —==== HAPF (Lo1=BmH & Col=130uF)
B e HAPF (Le1=20mH & Ce1=190uF)
g o’ . & o018
I -
S o2 S o
L 0.06 | {rorcappesivetosting < 0.06 | Frorcapaciive oading
: o compensation region N-_. compensation region J.‘,sf-
>‘ For inductive loading S‘ 0 For inductive loading
—  .0.06 | | compensation region — 0.0 | | compensation rgion
g : '
= -0.12 g;' 012
3 = i
C 018 | | —— apF ezetmH) C 018
————— APF (Lo2=10méH)
0.24 172 o pomoomig .0.24
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Fig. 4.2 Q. per V2 with respect to different Ryq. for a APF and b HAPF
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4.3 HAPF Required Minimum DC-Link Voltage
with Respect to Loading Reactive Power

Based on the previous assumption that the active fundamental current /., is very
small (chfp ~ O) at steady state, the inverter injects pure reactive fundamental current

TCX/ = jl.x,- Therefore, the Vinlef
Vi — Iex, (Xce1, — Xie1;) only. Then the HAPF single-phase fundamental phasor
diagram under inductive loading can be shown in Fig. 4.3. The vertical y-axis can be
considered as the HAPF active power (P/W) when locating Vx onto the HAPF

horizontal reactive power (Q/VAR) x-axis. The circle and its radius of Vinlef =

in (4.2) contains pure active part as Vinvix, =

(0.5 Vac1/ \/E) represent the HAPF fundamental compensation range and maximum
compensation limit under a fixed dc-link voltage. VPPFW is the fundamental voltage
phasor of the coupling passive part. I L, is the fundamental load current phasor, where
I1y, and I, are the fundamental load active and reactive current.

(a) HAPF active power (b) HAPF active power
P/W P/W
A i

|
1 HAPF does not absorb
active power

HAPF does not absorb !
active power |

HAPF HAPF
HAPF absorbs reactive power HAPF absorbs reactive power
active power Q/VAR active power Q/VAR
77777777 T R -~
HAPF injects HAPF injects ”
active power ¥ active power
; Iy
I
I i
| |
|
= 2
! Vinvip =0 1 Vit =Vinwiagp<O
I
(c) HAPF active power
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| HAPF does not absorb
} active power
1 1
1
: 1
! HAPF
HAPF absorbs reactive power
active power Q/VAR

HAPF injects
active power

9
Vinving =Vimip>0

Fig. 4.3 HAPF single-phase fundamental phasor diagram under inductive loading during, a full-
compensation, b under-compensation, and ¢ over-compensation by coupling passive part
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In Fig. 4.3, the white semi-circle area represents HAPF active power absorption
region, whereas the shaded semi-circle area represents HAPF active power

injection region. When V. . is located inside the white semi-circle area, the

invlxy

HAPF is absorbing active power, on the other hand, the HAPF is injecting active

is located inside the shaded semi-circle area. When V,

power when V., iy 1S

located onto the Q/VAR X-axis, the HAPF does not absorb active power. From
Fig. 4.3, the HAPF reactive power compensation range with respect to different
dc-link voltage can be deduced.

4.3.1 Full-Compensation by Coupling Passive Part

When the loading reactive power Qy,, is full-compensation by coupling passive
part (Qfo = }chf_ppp ’) as shown in Fig. 4.3a, the inverter does not need operation
and output voltage (Vinv1y, = 0). Thus, the switching loss and switching noise will
be minimized in this situation. The HAPF compensating reactive power Qc, is
equal to the reactive power provided by the passive part Qcy,

V2

Ocr, = Ocx, =—-——2* <0 (4.7)
! = Xcet, — Xret, |

where Q. ,,, <0 means injecting reactive power or providing leading reactive
power.

4.3.2 Under-Compensation by Coupling Passive Part

When the loading reactive power Qy,, is under-compensated by coupling passive
part (QOr, > |ch_PPF ‘) as shown in Fig. 4.3b, in order to generate a larger I, , the
inverter should output a negative inverter fundamental active voltage (Vi <0)
as indicated by (4.5). With a fixed V4, the HAPF maximum compensating
reactive power limit Q.,, .. can be deduced through the under-compensation by
coupling passive part case, which can be expressed as

_ V2 + Ry, ])

‘XCCU - XLle’

Qfo_max - = QCX/‘_PPF(I + |RVdc |) <O (48)

4.3.3 Over-Compensation by Coupling Passive Part

When the loading reactive power Qp,, is over-compensated by coupling passive
part (Qp, < chvaPPF]) as shown in Fig. 4.3c, in order to generate a smaller /., ,
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the inverter should output a positive inverter fundamental active voltage
(Vinviy, > 0) as indicated by (4.5). With a fixed Vi1, the HAPF minimum com-

pensating reactive power limit Q. . can be deduced through the over-com-
pensation by coupling passive part case, which can be expressed as

- V)?(l — |RVdc )
|Xcet, — Xeey, |

chl_min = = QCX/_PPF(I - |RVdc |) <O (49)

From (4.8) and (4.9), the larger the dc-link voltage V. or ratio Ry,,, the larger
the HAPF compensation range obtained, and vice versa. However, a larger dc-link
voltage will increase the HAPF switching loss and generate a larger switching
noise into the system, while a smaller dc-link will deteriorate the compensating
performances if Qg is outside the HAPF compensation range. When Vi is
designed, the HAPF reactive power compensating range for loading Oy, can be
expressed as

|Qety_ya| < Oy < |Qesy_.

Table 4.1 summarizes the HAPF reactive power compensating range deduction
steps under a fixed dc-link voltage Va1, =Vic1, = 0.5 Vige1. When Oy is perfectly
compensated by the coupling passive part, the minimum dc-link voltage require-
ment (Vgci, =Vac1, = 0) can be achieved. In addition, the larger the reactive
power compensation differences between the loading and the coupling passive
part, the larger the dc-link voltage requirement and vice versa. From Table 4.1, the
required minimum dc-link voltage V4.1 minx in each phase can be found by setting

Ory ~|Qexy i |® |Qex, | in (4.10),

(4.10)

Vdcl_minx - 2\/5 Vx 1 ‘A (411)

CXf_PPF {
in which (4.11) can be applied for the adaptive dc-link voltage control algorithm.

Once the QLX/, is calculated, the corresponding Vgc; miny in each phase can be

Table 4.1 HAPF reactive power compensation range deduction steps under a fixed dc-link
voltage VdCIU = VdclL = 0.5 Vg

1 With a fixed dc-link voltage Vi1, = Vier, = 0.5 Viger:
- vi 4.7)
ex, g = —7———7 <0

Q T |X(‘<|/~*Xl_m/|

Ocxy e = Qeyy_ppe (14 [Rv, [) <O 4.8)

QPXf_mm = QCX/_PPF(I - ‘RVM |) <0 (49)

o 4.

Where |Ry, | = 2\‘%"/‘ (4.6)
2 HAPF reactive power compensating range for loading

QL\', :

|0y | <Oy <1Qcty e (4.10)
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obtained. Then the final three-phase required minimum dc-link voltage Ve min
can be chosen as follows:

Vdc 1_min = Max ( Vdc 1_mina> Vdc 1_minb, Vdc 1 _minc) (4 1 2)

In the next section, the proposed adaptive dc-link voltage controller for the
three-phase four-wire HAPF will be introduced so that the HAPF reactive power
compensation range can be determined, switching loss and switching noise can be
reduced compared with the traditional fixed dc-link voltage HAPF.

4.4 Adaptive DC-link Voltage Controller for A
Three-Phase Four-Wire HAPF

Figure 4.4 shows the adaptive dc-link voltage control block diagram for the three-
phase four-wire HAPF in dynamic reactive power compensation, which consists of
three main control blocks: instantaneous power compensation control block,
adaptive dc-link voltage control block, and final reference compensating current
and PWM control block. And their details will be introduced in the following.

4.4.1 Instantaneous Power Compensation Control Block

For the instantaneous power compensation control block, the reference compen-
sating currents for HAPF (i.,_,, the subscript x = a, b, ¢ for three phases) are
determined by the three-phase instantaneous pg theory as discussed in Appendix
A.1. Actually, i.,_, can also be determined by the single-phase instantaneous pg
theory as discussed in Appendix A.2.

4.4.2 Adaptive DC-Link Voltage Control Block

The adaptive dc-link voltage control block consists of three parts: (i) determination
of adaptive minimum dc-link voltage Ve _min, (i) determination of final reference
dc-link voltage level V., and (iii) dc-link voltage feedback P/PI controller.

1. Determination of Adaptive Minimum DC-link Voltage. Initially, the loading
instantaneous fundamental reactive power in each phase g1, (x = a, b, ¢) are
calculated by using single-phase instantaneous pg theory as discussed in
Appendix A.2 and low-pass filters. Usually, —9Ly /> can keep as a constant value
for more than one cycle, thus Qp, can be approximately treated as
Oy = —qLy /2. Then the required minimum dc-link voltage Vgci mine for
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Fig. 4.4 Adaptive dc-link voltage control block diagram for the three-phase four-wire HAPF in
reactive power compensation

compensating each phase (Quf) can then be calculated by using (4.11), where V,
is the RMS load voltage and Q. ,,. can be obtained according to (4.7). The
adaptive minimum dc-link voltage will be equal to Vg1 _min, Which can be
determined by (4.12). During balanced loading case, the three-phase fundamental
reactive power consumptions are the same (QLaf = 0w, = QLL./Y), therefore,
Vi1 _min = Vel _mina = Vdc1_minb = Vel _minc- In order to implement the adap-
tive dc-link voltage control function for the three-phase four-wire HAPF, Vyc;  min
can be simply treated as the final reference dc-link voltage Vg.; *. It is obvious that
when the loading reactive power consumption (QLXf) is changing, the system will
adaptively yield different Vici _miny and Viac1 _min values.

2. Determination of Final Reference DC-Link Voltage Level. However, this

adaptive control scheme may frequently change the dc voltage reference V., in
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practical situations, as the loading is randomly determined by electric users
(different Qy,). Then this frequent change would cause a rapid dc voltage
fluctuation, resulting in deterioration of the HAPF operational performances
[12]. To alleviate this problem, a final reference dc-link voltage level deter-
mination process is added as shown in Fig. 4.4. The final reference dc-link
voltage Vj, is classified into certain levels (Vicas Vieh, ---Vidcmax
Vaca <Vidcp- - - <Vacmax) for selection, so that Vj  can be maintained as a con-
stant value within a specific compensation range. From Fig. 4.4, when the input
Vel _min 18 less than the lowest dc voltage level Vi, the final reference dc-link
voltage will be V., = Ve, If not, repeat the steps until Vgc_min is found to be
less than a dc-link voltage level. However, if Vg min is greater than the
maximum voltage level Vycmax, the final reference dc-link voltage will be
Vie1™ = Viemax- In this way, the dc-link voltage fluctuation problem under the
adaptive dc voltage control method can be lessened.

3. DC-Link Voltage Feedback P/PI Controller. The HAPF can effectively control
the dc-link voltage and reactive power by feedback the dc-link voltage error signal
as both reactive and active current reference components (Qqc, Pqac) [13, 14]:

Qdc - _Kq . (Vdcl* - Vdcl) (413)
Pac = K, - (Vaerr — Viaer) (4.14)

where Qq4. aims to change the dc-link voltage level due to adaptive dc voltage
control and start-up dc-link self-charging function, while P4, aims to maintain the
dc-link voltage due to the system loss. K, and K, are the positive proportional
gains of the controller. In this chapter, P controller is chosen because it is simpler
and has less operational machine cycles in the DSP, therefore it can yield a faster
response than the PI controller. If the dc-link voltage with zero steady-state error is
taken into consideration, PI controller is appreciated. A limiter is also applied to
avoid the overflow problem of the controller.
With the help of the three-phase instantaneous pg theory as discussed in
Appendix A.l1, (4.13) and (4.14), the three-phase dc voltage control reference
compensating currents in a-f-0 coordinates can be calculated as below:

l:COAdC 1 Vaﬁ 0 0 0
l.c:x_dc = W 0 VoVy _V()V[} PdC (415)
Lep_de %ap | 0 vovg  vovy Qe

where vy, vg and vy are the load voltages on the a-f-0 coordinate after the Clarke
transformation in Appendix A.l, and Vot = vi —|—v%3. By the inverse matrix of
Clarke transformation in o-f3-0 coordinates, the dc-link voltage Vg4 can trend its
reference V3, by changing the dc voltage reference compensating currents
(icx dc)-
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l:ca_dc 2 1 / \/E 1 0 l:CO_dC
leh_de \@ 1/V2 =172 V3/2 | | a (4.16)
lec_de 1/vV2 —1/2 —V/3/2] Liep_ac

Therefore, the adaptive dc-link voltage control scheme for the HAPF in reactive
power compensation can then be implemented under various inductive linear
loading conditions. In addition, the HAPF initial start-up dc-link self-charging
function can also be carried out by the adaptive dc-link voltage control scheme.

4.4.3 Final Reference Compensating Current and PWM
Control Block

Both the hysteresis PWM and the triangular carrier-based sinusoidal PWM method
can be applied for the PWM control part. After the process of instantaneous power
compensation and adaptive dc-link voltage control blocks as shown in Fig. 4.4, the
final reference compensating current i, can be obtained by summing up the i.,_,
and i._gc. Then the final reference and actual compensating currents i, and i
will be sent to the PWM control part, and the PWM trigger signals for the
switching devices can then be generated. If the three-phase loadings are unbal-
anced, the dc capacitor voltage imbalance may occur, the dc capacitor voltage
balancing concepts and techniques in [15, 16] can be applied to balance the Vg,
and Vg, under the adaptive dc voltage control method. The adaptive dc-link
voltage controlled HAPF can compensate the dynamic reactive power and reduce
the switching loss and switching noise. In the following, the HAPF simulated and
experimental compensation results using the adaptive dc-link voltage control
algorithm will be given, compared with a fixed dc-link voltage controlled HAPF.

4.5 Simulation and Experimental Verifications
of the Adaptive DC-Link Voltage Controller
for the Three-Phase Four-Wire HAPF

In this section, the adaptive dc-link voltage controlled HAPF for reactive power
compensation in three-phase four-wire power system will be verified by simula-
tions and experiments. Table 4.2 lists the simulated and experimental system
parameters for the HAPF. When the loading reactive power consumption is close
to that provided by the coupling passive part at under-compensation and over-
compensation situations, the dc-link voltage requirement can be low. To show this
phenomenon, two sets of passive part parameters for the HAPF are chosen for
testing. For (a) under-compensation case, L,; = 6 mH, C,; = 140 pF, the passive
part supports a fixed reactive power of Q. ,, = —145.1 var. For (b) over-
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Table 4.2 HAPF system parameters for simulations and experiments

System parameters Physical values
Vo f 55V, 50 Hz
L 0.5 mH
(a) Under-compensation: Resistor R;; ;. and inductor L;; ;. 10 ©Q, 30 mH
L., =6 mH, C.; = 140 puF for Ist inductive loading
Ocyy por = —145.1 var Resistor R, and inductor Ly, 22 Q, 30 mH
for 2nd inductive loading
(b) Over-compensation: Resistor R;;;, and inductor L;;;, 10 Q, 30 mH
L.; =6 mH, C.; = 190 pF for Ist inductive loading
Ocxy ppr = —203.5 var Resistor R;;,, and inductor L;;,, 22 Q, 30 mH

for 2nd inductive loading

compensation case, L.; = 6 mH, C,; = 190 pF, the passive part supports a fixed
Qcxy _pr = —203.5 var. The L, is designed based on the switching frequency with
switching ripple less than 0.5 A under a maximum dc-link voltage of Vg,
Vac1, = 40 V consideration. Then the two C,; values are designed based on the
reactive power consumption for the 1st inductive loading, and both 1st and 2nd
inductive loadings as listed in Table 4.2.

The triangular carrier-based sinusoidal PWM method with current error limiter
is applied in this chapter so that the compensating current error must be within the
triangular wave. And the frequency of the triangular wave is set to f;; = 7.5 kHz.
To simplify the verification, the simulated and experimental three-phase loadings
are approximately balanced as shown in Fig. 4.5, so that the difference between
Vie1, and Vgey, 1s small (Vge1, = Vge1,) during the adaptive dc-link voltage control.
As discussed in the previous section, in order to alleviate the dc-link voltage
fluctuation problem under the adaptive control method, the final reference dc-link
voltage V41" can be classified into certain levels for selection, in which Vg1 is set
to have four levels (Vgci,,, Vaer, = 10 V, 20 V, 30 V and 40 V) for the following
simulation and experimental verification.

Simulation studies were carried out by using PSCAD/EMTDC. In order to
verify the simulation results, a 55V, 1.65 kVA three-phase four-wire HAPF

(a) | | (b)

| |
| |
| | | ]
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200 i |
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100 i {
| i
| |
| |
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Fig. 4.5 Q;,, for both under-compensation and over-compensation by coupling passive part
cases a simulated Qy,rand b experimental Q,.r
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experimental prototype is also implemented in the laboratory. The control system
of the prototype is a DSP TMS320F2407 and the sampling frequency is chosen as
50 ps (20 kHz). Moreover, the Mitsubishi IGBT IPMs PM300DSA060 are
employed as the switching devices for the inverter. The photo of the experimental
prototype is shown in Appendix A.S5. Figure 4.4 shows the adaptive dc-link
voltage controlled HAPF control block diagram for both simulations and experi-
ments. Figure 4.5 shows the simulated and experimental reactive power at load-
side Q- When the Ist inductive loading is connected, the three-phase simulated
Qr, are 150.4 var with displacement power factor (DPF) = 0.729, while the
three-phase experimental Qj, are 148.5 var, 146.4 var, and 145.1 var with
DPF = 0.763, 0.742 and 0.746 respectively. When both the 1st and 2nd inductive
loadings are connected, the three-phase simulated Q,, increase to 200.0 var with
DPF = 0.810, while the three-phase experimental Qy, increase to 188.7 var,
184.5 var, and 183.6 var with DPF = 0.805, 0.815 and 0.822 respectively.

According to the designed four voltage levels (Vgci,, Vi, = 10V, 20V,
30 V, and 40 V) for both simulations and experiments, from Table 4.3, the HAPF
required minimum dc-link voltage level will be Vyc1,, Vi1, = 10V or Vi,
Ve, = 30 V for compensating the 1st loading or both 1st and 2nd loadings during
(a) under-compensation case. During (b) over-compensation case, the HAPF
required minimum dc-link voltage level will become Vg1, Vie1, = 30 V or Vg1,
Vie1, = 10 V for compensating the same loadings. In the following, the corre-
sponding simulation and experimental results after the adaptive dc-link voltage
controlled HAPF compensation will be presented.

4.5.1 Under-Compensation by Coupling Passive Part
Situation (L.,; = 6 mH, C.; = 140 uF)

From Table 4.3, the required minimum dc-link voltage level for the HAPF is
Vic1y»> Vaer, = 10V for the Ist loading and Vg1, Ve, = 30 V for the 1st and
2nd loadings. Therefore, the adaptive control method for the HAPF can reduce the
switching loss and switching noise compared with a fixed Vgc1,, Vier, =30V
case. For the simulated and experimental Qy,, as shown in Figs. 4.5, 4.6 and 4.7
illustrate the HAPF simulated and experimental dynamic process of the adaptive
dc-link voltage level and compensation performances during under-compensation
by coupling passive part situation. Figures 4.6a and 4.7a show that the simulated
and experimental dc-link voltage level (Vgc1,, Vaci,) can be adaptively changed
according to different reactive power consumption of the loading. As the simulated
and experimental loadings are approximately balanced, only phase b compensation
diagrams will be illustrated. From Figs. 4.6b and 4.7b, the simulated and experi-
mental system-side reactive power Q. of phase b can be compensated close to
zero regardless of whether it is only the 1st loading or both 1st and 2nd loadings
are connected, compared with Fig. 4.5. Figures 4.6c and 4.7c show that the
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Table 4.3 HAPF simulated and experimental minimum dc-link voltage level with respect to Q;
within Vge1, = Vaer, =10V, 20V, 30V and 40 V

Reactive power by Simulated and experimental Q. for Required  Minimum
coupling passive three phases (var) Vaer mi2  Level
part O s ppE Vicly = Vier,
(a) Under-compensation:  Ist loading ~ Simulated 150.4, 1504, 1504 29V 10V

L.; = 6 mH, Experimental  148.5, 1464, 1451 1.8V 10V

Ce; = 140 pF Ist and 2nd ~ Simulated 200.0, 200.0, 200.0  29.5 V 30V
Qeyppe = —145.1 var — Joadings Experimental  188.7, 184.5, 183.6 234V 30V

(b) Over-compensation: Ist loading ~ Simulated 150.4, 150.4, 1504 203V 30V

L.; = 6 mH, Experimental  148.5, 146.4, 145.1 223V 30V

Cer =190 uF Ist and 2nd ~ Simulated 200.0, 200.0, 200.0 1.4 V v
Qoyppe = —203.5 var  Joadings Experimental 1887, 184.5, 183.6 7.6 V 10V

simulated and experimental DPF of phase b can be compensated from 0.729 to
1.000 and 0.742 to 0.999 respectively once the HAPF starts operation during the
Ist inductive loading situation. From Figs. 4.6d and 4.7d, the simulated and
experimental DPF of phase b can be kept at 0.990 or above when the 2nd loading
is connected. The simulation results as shown in Fig. 4.6 are consistent with the
experimental results as shown in Fig. 4.7.

Tables 4.4 and 4.5 summarize the simulation and experimental compensation
results of the adaptive dc-link voltage controlled HAPF during under-compensa-
tion case. Compared with Qy,,,, the three-phase simulated Q,, (5.0 var or 22.0 var)
and experimental Qg (0.8 var, —1.5 var, 3.5 var or 25.2 var, 15.3 var, 22.2 var)
have been compensated close to zero when the 1st loading or both st and 2nd
loadings are connected. These can be verified by showing three-phase simulated
and experimental DPF = 0.990 or above and THD;  are within 3.0 % and 5.0 %
respectively. Moreover, the simulated and experimental i;, can be significantly
reduced after HAPF compensation. Figures 4.6, 4.7 and Tables 4.4, 4.5 verify the
adaptive dc-link voltage controlled HAPF for reactive power compensation during
under-compensation case.

4.5.2 Over-Compensation by Coupling Passive Part Situation
(Le; = 6 mH, C.; = 190 uF)

From Table 4.3, the required minimum dc-link voltage level for the HAPF is
Vic1y»> Vae1, = 30V for the Ist loading and Viyc1,, Vier, = 10 V for the 1st and
2nd loadings. Therefore, the adaptive control method for the HAPF can reduce the
switching loss and switching noise compared with a fixed Vgc1,, Vi, =30V
case. For the simulated and experimental OL, as shown in Figs. 4.5, 4.8, and 4.9
illustrate the HAPF simulated and experimental dynamic processes of the adaptive
dc-link voltage level and compensation performances during over-compensation
by coupling passive part situation. Figures 4.8a and 4.9a show that the simulated
and experimental dc-link voltage level (Vgc1,, Vac1,) can be adaptively changed
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Fig. 4.7 HAPF experimental
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according to different reactive power consumption of the loading. From Figs. 4.8b
and 4.9b, the simulated and experimental Q,. of phase b can be compensated close
to zero when the 1st loading or both Ist and 2nd loadings are connected.
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Table 4.4 Simulation results before and after HAPF reactive power compensation with an
adaptive dc-link voltage control (Under-compensation by coupling passive part, L.; = 6 mH,
C.; = 140 pF)

Before compensation After compensation

Different cases O (var) DPF i, (A) Qg (var) DPF i, (A) THDi,, (%)
Ist inductive loading 150.4 0.729 4.01 5.0 1.000 295 24

Ist and 2nd inductive loading 200.0 0.810 6.25 22.0 0.997 5.04 28

Table 4.5 Experimental results before and after HAPF reactive power compensation with an
adaptive dc-link voltage control (Under-compensation by coupling passive part, L.; = 6 mH,
C.; = 140 pF)

Before compensation After compensation
Different cases Ory DPF i (A) Qg DPF i, (A) THDi,,
(var) (var) (%)

148.5 0.763 4.06 0.8 0999 3.04 34
1464 0.742 390 -1.5 0.999 3.05 49
145.1 0.746 401 35 0.999 3.02 4.7
188.7 0.805 6.03 252 0990 497 33
1845 0.815 587 153 0.993 496 4.1
183.6  0.822 594 222 0991 490 4.7

Ist inductive loading

Ist and 2nd inductive loading

QWP QW

Figures 4.8c and 4.9c show that the simulated and experimental DPF of phase
b can be compensated from 0.729 to 0.998 and 0.742 to 0.989, respectively, once
the HAPF starts operation. From Figs. 4.8d and 4.9d, the simulated and experi-
mental DPF of phase b can be kept at 0.999 or above when the 2nd loading is
connected. The simulation results as shown in Fig. 4.8 are consistent with the
experimental results as shown in Fig. 4.9.

Tables 4.6 and 4.7 summarize the simulation and experimental compensation
results of the adaptive dc-link voltage controlled HAPF during over-compensation
case. Compared with O, the three-phase simulated Qy,, (—10.8 var or 3.2 var)
and experimental Qw (—13.4 var, —16.8 var, —13.8 var or —3.4 var, —2.9 var,
—0.8 var) have been compensated close to zero when the st loading or both the
1st and 2nd loadings are connected. These can be verified by showing three-phase
simulated and experimental DPF = 0.990 or above and THD;  are within 4.0 %
and 6.0 % respectively. Figures 4.8, 4.9 and Tables 4.6, 4.7 verify the adaptive dc-
link voltage controlled HAPF for reactive power compensation during over-
compensation case.
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dynamic process during over-
compensation by coupling

passive part, a adaptive

Vdc]y = Vdc]u b stf of phase

b, ¢ DPF of phase b before

and after HAPF starts

operation and d DPF of phase

b before and after the 2nd

loading is connected

(b)

(0

(d)

79



80 4 Adaptive DC-Link Voltage Control Technique

Table 4.6 Simulation results before and after HAPF reactive power compensation with an
adaptive dc-link voltage control (Over-compensation by coupling passive part, L.; = 6 mH,

Before compensation After compensation

Different cases Ony DPF i, Qs (var) DPF (A) i (A) THDi,
(var) A (%)

Ist inductive loading 1504 0.729 4.01 -10.8 0.998 297 3.7

Ist and 2nd inductive loading 200.0 0.810 6.25 3.2 1.000 5.08 32

Table 4.7 Experimental results before and after HAPF reactive power compensation with an
adaptive dc-link voltage control (Over-compensation by coupling passive part, L.; = 6 mH,
C.; = 190 pF)

Before compensation After compensation
Different cases Ory DPF Tgx Qs DPF [ THD;i,
(var) (A)  (var) A) (%)

148.5 0.763 406 —134 0990 3.10 43
1464 0.742 390 —16.8 0989 3.15 5.5
145.1 0.746 401 —13.8 0990 3.03 53
188.7  0.805 6.03 —-34 099 501 19
184.5 0.815 587 =29 0999 499 25
183.6 0.822 594 —08 0999 491 2.7

1st inductive loading

Ist and 2nd inductive loading

Aw»Qwy

4.5.3 Comparison Between Fixed and Adaptive DC-Link
Voltage Control

During under-compensation by coupling passive part case (L. = 6 mH,
C.1 = 140 pF), with a fixed dc-link voltage of Vgc1,, Vac1, = 30 V, Figs. 4.10 and
4.11 show the HAPF whole simulated and experimental dynamic compensation
process for the same loading situations as shown in Fig. 4.5. Comparing Figs. 4.10
and 4.11 with Figs. 4.6 and 4.7, the fixed and adaptive dc-link voltage control can
achieve more or less the same steady-state reactive power compensation results.
However, the adaptive control scheme just requires a lower dc-link voltage of
Vicly»> Vaer, = 10 V for compensating the 1st loading as shown in Figs. 4.6a and
4.7a. For the adaptive dc-link voltage control of the HAPF, due to its final ref-
erence dc-link voltage level Vj,, can be varied according to different loading
conditions, the compensation performance will be influenced during each changing
of the dc voltage level. Compared with the fixed dc-link voltage control, the
adaptive control scheme will have a longer settling time during the load and dc
voltage level changing situation, which can be verified by the compensated Q,, as
shown in Figs. 4.6, 4.7, 4.10, and 4.11.

Figures 4.12 and 4.13 show the HAPF simulated and experimental compen-
sating current i., of phase b and their spectra with: a a fixed dc-link voltage of
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Vieiys Vacr, = 30 V, and b adaptive dc-link voltage control during the 1st loading
connected case. As the reactive power consumption of the Ist inductive loading
can almost be fully compensated by the coupling passive part as shown in
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Fig. 4.11 HAPF whole (a)
experimental dynamic
process during under-
compensation by coupling
passive part, a fixed

Vicly = Vier, =30V, b Qg
of phase b, ¢ DPF of phase

b before and after HAPF
starts operation and d DPF of
phase b before and after the
2nd loading is connected

(b)
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(@)

Table 4.3, it is clearly illustrated in Figs. 4.12 and 4.13 that the adaptive dc control
scheme can effectively reduce the switching noise compared with the fixed Vyc1,,
Ve, = 30 V.
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Therefore, the adaptive dc control method for the HAPF can reduce the
switching loss and switching noise compared with the traditional fixed dc-link
voltage case. During over-compensation by coupling passive part case, the similar
simulated and experimental results can be obtained when both the 1st and 2nd
loadings are connected.

From Figs. 4.5-4.13, and Tables 4.4-4.7, they verify that the adaptive dc-link
voltage controlled HAPF can obtain good dynamic reactive power compensation
performance and reduce the system switching loss and switching noise, compared
with the traditional fixed dc-link voltage controlled HAPF.

4.6 Summary

An adaptive dc-link voltage control technique for the HAPF in dynamic reactive
power compensation is proposed in this chapter. In order to implement the
adaptive dc-link voltage control algorithm, the HAPF required minimum dc-link
voltage for compensating different reactive power is deduced and its adaptive
control block diagram is also built. The final reference dc-link voltage is classified
into certain levels for selection, so that the impact on the compensation perfor-
mances by the fluctuation of the adaptive dc-link voltage in the practical case can
be reduced. Then the viability and effectiveness of the adaptive dc-link voltage
control for the three-phase four-wire HAPF have been proved by both simulation
and experimental results, in which it can achieve a good dynamic reactive power
compensation performance as well as reducing the switching loss and switching
noise compared with the traditional fixed dc-link voltage controlled HAPF.
Therefore, the adaptive dc-link voltage controlled HAPF is a cost-effective solu-
tion for reactive power compensation in practical situations. Nevertheless, this
adaptive control method would not reduce the initial cost of the HAPF because its
maximum compensation range is merely determined by its specifications.
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Chapter 5

Minimum Inverter Capacity Design
for HAPF

Abstract This chapter presents a minimum inverter capacity design for three-phase
four-wire center-split hybrid active power filter (HAPF) in dynamic reactive power
and current harmonics compensation. Based on HAPF equivalent circuit models in
d-g-0 coordinate, the coupling part filtering characteristics of the HAPF without or
with neutral inductor can be illustrated. According to the current quality data, the
minimum dc-link voltage expressions for the HAPF without and with neutral
inductor are deduced and compared. Conventionally, the coupling inductor and
capacitor (LC) is usually tuned at a higher fifth or seventh order harmonic frequency
to reduce its cost and size compared with the third order case. When triplen harmonic
currents exist significantly, the HAPF with a small tuned neutral inductor can further
reduce its minimum dc-link voltage requirement. Thus, the initial cost, switching
loss and switching noise of the HAPF can be lowered. Representative simulation and
experimental results of the three-phase four-wire HAPF with neutral inductor are
presented to verify the filtering characteristics analysis and minimum dc-link volt-
age expressions, to show the effectiveness of reducing its inverter capacity,
switching loss and switching noise in dynamic reactive power and current harmonics
compensation compared with the conventional HAPF without neutral inductor.

Keywords Coupling Neutral Inductor - Current Harmonics - d-q-0 Coordinate -
Hybrid Active Power Filter - Minimum DC-Link Voltage - Reactive Power -
Switching Loss - Switching Noise

5.1 Introduction

Nowadays, because of the rapid growth of advanced power conversion devices and
power electronic equipments, their full wave rectifier front ends make the current
quality issues become more serious in three-phase four-wire system, especially in
harmonic current (3rd, Sth, 7th, 9th, etc.) [1, 2]. In addition, the triplen harmonic
currents (especially third order) drawn by these rectifier front ends will accumulate
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SpringerBriefs in Electrical and Computer Engineering,
DOI: 10.1007/978-3-642-41323-0_5, © The Author(s) 2014



88 5 Minimum Inverter Capacity Design for HAPF

in the neutral conductor, which results in increasing the risk for stray voltage
complaints especially near substations and the electromagnetic field (EMF) levels
near three-phase distribution feeders, etc. [3]. Moreover, excess neutral current
will overheat and even burn the neutral conductor. Conventionally, the coupling
LC of the HAPF is tuned at the fifth or seventh order harmonic frequencies [4—8]
to reduce the system’s initial cost and size. To compensate the dominant triplen
harmonic current, the HAPF requires either a higher dc-link voltage requirement
or an extra LC branch to filter that triplen harmonic current. However, the first
method may raise the system cost by increasing the voltage rating requirement of
the switching devices and dc-link capacitor. Moreover, a higher dc-link operating
voltage will increase the switching loss and switching noise. And the second
method will directly increase the system initial cost and size.

To filter the triplen harmonic current without tuning the LC at triplen harmonic
frequency or adding any extra LC branches, the authors in [9] has presented an
analysis for the HAPF with a coupling neutral inductor. Through the generic filter
structure under positive, negative, and zero-sequence analysis, instead of having
only one filtering resonant frequency from the coupling LC, the HAPF with a
tuned coupling neutral inductor can provide two different resonant frequencies
simultaneously in order to predominantly drain harmonic current away at these
two frequencies [9]. However, the coupling part filtering improvement analysis
based on the generic filter structure is not as obvious and comprehensible as the
deduced equivalent circuit models in d-q-0 coordinate in this chapter. Moreover,
because of the limitations among the existing literatures [4-8], there is still no
mathematical deduction for the design of HAPF minimum dc-link voltage in
reactive power and current harmonics compensation. Therefore, this chapter aims
to investigate the minimum dc-link voltage design for a three-phase four-wire
HAPF without and with neutral inductor. So that the inverter capacity reduction
analysis by adding a neutral inductor can be mathematically found.

In the following, a three-phase four-wire center-split HAPF with a coupling
neutral inductor and its corresponding equivalent circuit models in d-q-0 coordi-
nate are initially introduced. Based on these circuit models, its coupling LC fil-
tering characteristics without and with coupling neutral inductor are analyzed and
discussed. According to the current quality of the loading and the HAPF single-
phase equivalent circuit models in a-b-c coordinate, the required minimum dc-link
voltage expressions for the HAPF without and with coupling neutral inductor will
be proposed. Finally, representative simulation and experimental results of the
HAPF with coupling neutral inductor are given to verify its filtering characteristics
and the minimum dc-link voltage design expressions, to show the effectiveness of
reducing its dc-link voltage requirement, switching loss and switching noise in
reactive power and current harmonics compensation compared with the conven-
tional HAPF without coupling neutral inductor. Given that most of the loadings in
the distribution power systems are inductive, the following analysis and discussion
only focus on inductive nonlinear loads [10].
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5.2 Mathematical Modeling of A Three-Phase Four-Wire
Center-Split HAPF in D-Q-0 Coordinate

5.2.1 Equivalent Circuit Models of a Three-Phase Four-
Wire HAPF in D-Q-0 Coordinate

A three-phase four-wire center-split HAPF with a coupling neutral inductor is
shown in Fig. 5.1a, in which the nonlinear loads are modeled as three single-phase
full bridge diode rectifiers. The corresponding equivalent circuit model of HAPF
in a-b-c coordinate is shown in Fig. 5.1b, where the subscript ‘x’ denotes phase
a, b, c, n.v, is the load voltage, i, i;, and i., are the system, load and inverter
current for each phase. C.; and L., are the coupling capacitor and inductor for each
leg of the three-phase VSI. v¢.1y and vi i, are the coupling capacitor voltage and
inductor voltage. L., and vy are the coupling neutral inductor and neutral
inductor voltage of the three-phase VSI. Cy4 and 0.5V, are the dc capacitor,
upper and lower dc capacitor voltages. The dc-link voltage is assumed as an ideal
voltage source of V.1, and vinyi, 1S the inverter output voltage.

From Fig. 5.1b, the differential equations of the coupling inductor L., and
capacitor C,; can be expressed as:
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Fig. 5.1 A three-phase four-wire center-split HAPF with L., a circuit configuration and
b equivalent circuit model in a-b-c coordinate
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d ica Vinvla d icn Va VCcla
Loy o | = | Vivib | T Len— | len | — Vb | — | Vcelb (5 1)
dt | . dt | .
Lee Vinvle Len Ve Vcele
d Vela ica
Cel 7 | Ve | =~ | o (5.2)
VCele lee

With the help of [11, 12], after applying Park transformation, (5.1) and (5.2) in
the d-q-0 rotating coordinate can be expressed as:

_icq d icd Vinvld d 0
WL lcd + Ly % icq = | Vinvlg | — 3Lcn E 0
0 co Viny10 co
Vd VCeld
— Vq — VCclq (53)
Vo VCelo
—Vcelg d Veeld icd
wCer | veea |+ Ca o | Ve | = leq (5.4)
0 veelo lco

where o is the angular frequency of the d-qg-0 rotating coordinate frame, and is
synchronized with the line frequency. When HAPF does not contain coupling
neutral inductor (L., = 0), (5.3) and (5.4) becomes:

_icq d led 1 Vinvld Vd Veeld
chl icd + Lcl E icq - Vinvlq - Vq - chIq (55)
0 ico | Vinv10 Vo veelo
—VCelg 1 d VCeld icd
oCe | Veeld + Ce E VCelg | = — icq (56)
0 ] veelo ico

According to (5.3)—(5.6), the equivalent circuit models of the three-phase four-
wire center-split HAPF without and with coupling neutral inductor in d-q-0
coordinate are shown in Fig. 5.2.

5.2.2 Coupling Part Filtering Characteristics Analysis
of the HAPF without or with Coupling Neutral
Inductor

From Fig. 5.2a, b, and d, L., will not influence the d, g-coordinate circuit models
of the HAPF, but it will influence the 0-coordinate circuit model only. Compared
with the 0-coordinate circuit model without L., as shown in Fig. 5.2c, when L., is
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Fig. 5.2 Equivalent circuit models of the three-phase four-wire center-split HAPF without and
with L., in d-q-0 coordinate: a d-coordinate circuit model without or with L.,, b g-coordinate
circuit model without or with L.,, ¢ 0-coordinate circuit model without L., and d 0-coordinate
circuit model with L,

added, there is actually an added inductor of 3L, to the O-coordinate circuit
model, as shown in Fig. 5.2d.

From Fig. 5.2, without L., the resonant frequency of the coupling part of the
HAPF in d, q, and O-coordinate circuit models are the same:

1
qu_NL —fO_NL = m

where fz,_nz and fo_nz are the coupling part resonant frequencies for the HAPF d,
g-coordinate circuit models and O-coordinate circuit model without L., situation,
the subscript ““_NL’’ denotes the system without L,. This result implies that the
coupling part can only possess one resonant frequency for filtering current
harmonics.

From Fig. 5.2, with L., the resonant frequency of the coupling part of the
HAPF in d, q, and O-coordinate circuit models can be expressed as:

(5.7)

1
quAL = m (5.8)
fo L= ! (5.9)

2n (3Lcn -+ LCI)CM

where fy, ; and fo_p (fO_L < qu_L) are the coupling part resonant frequencies for
the HAPF d, g-coordinate circuit models and O-coordinate circuit model with L,
situation, the subscript ‘°_L’’ denotes the system with L.,. From (5.8) and (5.9), it
is clearly illustrated that the HAPF can have two different resonant frequencies for
filtering current harmonics after the addition of L.
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The above analysis clearly shows that the three-phase four-wire center-split
HAPF without and with L., will have the same d, g-coordinate but different
0-coordinate circuit models. Moreover, the HAPF with L., can have two different
resonant frequencies for harmonic current filtering as indicated by (5.8) and (5.9),
whereas the HAPF without L., can only have one as indicated by (5.7), in which
the deduced results based on the equivalent circuit models in d-q-O coordinate are
equivalent as those deduced through the generic filter structure under positive,
negative and zero-sequence analysis [9]. In the following, the resonant frequency
selection for the coupling LC without or with L., will be discussed.

5.2.3 Resonant Frequency Selection for Coupling LC
without or with Coupling Neutral Inductor

Under balanced nonlinear loadings consideration, the filtering characteristics and
resonant frequency selection for the coupling LC without or with L., can be
determined as follows.

1. When the loading contains 3kth (k =1, 2 ... co) order harmonic current only:
Since 3kth order harmonic current presents in the 0-coordinate circuit model
only, the coupling LC without and with L., can both be tuned at the dominant
3kth order harmonic frequency (fo nr and fy ;). From (5.7) and (5.9), for
Jo_~nr = fo_r consideration, a small L, can already significantly reduce the size
of the three coupling inductor L.;, which benefits for lowering the system initial
cost. Therefore, it has a merit to add a L., to the HAPF under this loading
situation. Moreover, the coupling LC without and with L, can only provide one
3kth order resonant frequency for harmonic current filtering, as indicated by
Fig. 5.2.

2. When the loading contains 3k + 1th order harmonic current only: Since
3k £ 1th order harmonic current presents in the d, g-coordinate circuit models
only, from Fig. 5.2a, b, L, cannot help to improve the coupling part filtering
performances under this loading situation. As a result, it is not necessary to add
a L, to the HAPF and the coupling LC can be tuned at the dominant 3k + 1th
order harmonic frequency (fg,_nz and fy, ). Moreover, the coupling LC
without and with L, can only provide one 3k £ 1th order resonant frequency
for harmonic current filtering, as indicated by Fig. 5.2.

3. When the loading contains any order harmonic current. Since 3kth
and 3k £ 1th order harmonic currents can only present in the 0-coordinate and
d, g-coordinate circuit models respectively, the coupling LC with L., can
provide two resonant frequencies for eliminating one 3kth and one 3k £ 1th
order harmonic currents, as indicated by Fig. 5.2. Therefore, the coupling LC
with L., can be tuned at one dominant 3kth and one dominant 3k + 1th order
harmonic frequency (fz,_r and fy_z), where the 3kth order must be smaller than
3k £ 1th order.
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4. When the loading contains unknown harmonic current. Owing to widely usage
of the personal computers, uninterruptible power supplies, high frequency
fluorescent lights, air-conditioning system, various office and consumer elec-
tronics equipments in residential, commercial and office buildings, both 3kth
and 3k £ 1th order harmonic currents are usually present in those three-phase
four-wire distribution power systems, thus it is recommended to add a L., to the
HAPF.

Under unbalanced nonlinear loadings consideration, both 3kth and 3k £ 1th
order harmonic currents can present in the d, q, O-coordinate circuit models, the
coupling LC with L., can be tuned at two dominant harmonic frequencies
(fig_r-fo_1) and (fo_r <fas_1). In the following, the minimum dc-link voltage
expressions for the HAPF without and with L., will be proposed and presented.

5.3 Minimum Inverter Capacity Analysis of A Three-
Phase Four-Wire Center-Split HAPF

From the previous analysis results, Fig. 5.3 shows the HAPF single-phase
equivalent circuit models in a-b-c coordinate without and with L.,. In the fol-
lowing analysis, all parameters are in RMS value. From Fig. 5.3, the required
inverter fundamental output voltages (Vinyixr_nz, Vinviyr_) and inverter harmonic
output voltages (Vinvixn_nL, Vinviw_1) at each harmonic order can be found, where
the subscripts ‘f’ and ‘n’ denote the fundamental and harmonic frequency com-
ponents. AS Vinvix_NL, Vinvion_NLs Viviyr_1s Vioviee_r are in RMS values, their
corresponding peak values can be obtained by multiplying a /2. Then their peak
values will be treated as the minimum dc-link voltage values at the DC side. Thus,
the minimum dc-link voltage values (Vdcle_NL, Vactm_nr, Vaels s Vdclxn_L) for
compensating the phase fundamental reactive current component and each
harmonic current component are calculated as the peak values of the required
inverter fundamental and harmonic output voltages, in which Vg n =
\/Evinlef_NLa Vdclxn_NL = \/Evinlen_NLy Vdcle_L = \/zvinlef_L; Vdclxn_L =
ﬁVinlen_L respectively.

In order to provide sufficient dc-link voltage for compensating load reactive and
harmonic currents, the minimum de-link voltage requirement (Vyei1x wr, Vacix_ 1)
of the HAPF single-phase circuit models without and with L., as shown in (5.10)
and (5.11) are deduced by considering the worst phase relation between each
harmonic component, in which their corresponding peak voltages of the VSI at AC
side are assumed to be superimposed.

n=2

Vaeix_nw = \/‘Vdcl);f_Nle-i- Z Vet _nil’ (5.10)
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Fig. 5.3 HAPF single-phase equivalent circuit models in a-b-c coordinate: a at fundamental
frequency without or with L,, b at nth = 3k £ 1th harmonic order frequency without or with
L.,, ¢ at nth = 3kth harmonic order frequency without L., and d at nth = 3kth harmonic order
frequency with L,

o0
2
Vierx_L = \/|Vdcle_L| + g Vaermn_t)* (5.11)
n=2

From Fig. 5.3, as the L., affects only the 3kth order harmonic impedance of the
coupling part, the HAPF without and with L., obtain the same fundamental
impedance of the coupling part as shown in Fig. 5.3a. From Fig. 5.3a, when the
load voltage V, is pure sinusoidal without harmonic components, V, = V., the
inverter fundamental output voltage of the HAPF single-phase circuit models
without and with L., can be expressed as:

Vinvir_nL = Vinvixr_ = Vi + Zpppr X Iexs (5.12)

As most of the loadings in the distribution power systems are inductive, the
fundamental impedance of the coupling capacitor C,; should be larger than that of
the coupling inductor L.y, that yields Zpprr = |Zppre|e®, (of = —90"). When the
HAPF operates at ideal case, the fundamental compensating current I.x¢ contains
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the pure reactive component Icx¢q only without the active current component e,
therefore (5.12) can be rewritten as:

Ixtg| w@=2mf  (5.13)

Vi =V =V, — |wLy ———
invlxf__NL invlxf_L X ‘ cl CUCcl

When the HAPF does not contain L,, from Fig. 5.3b and c, the inverter har-
monic output voltage Vipyix, no at nth = 3k + 1th or 3kth (k=1, 2... 00)
harmonic order can be expressed as:

1

nwlL. —
na)Ccl

Vinlen_NL = |chn‘ n=2,3...0 (514)

where I.x, is the nth order harmonic compensating current.

When the HAPF contains L., from Fig. 5.3b and d, the inverter harmonic
output voltage Viyyix,_p at nth = 3k &= Ith or 3kth harmonic order can be
expressed as:

1
Vinvix =Bkt 1)wL,; ——————||I«
y - nv1xdkEl_L ’( JoLei 3k £ wC,y Mexsicer| k=1,2...00
invixn_L — v 3k (L + 3L ) 1 |1 | n = 2, 3...00
invlx = WO(Le ) e Cor |1 EF
b3k L ! 3karCoy|

(5.15)

When the HAPF is performing compensation, the absolute reactive and nth order
harmonic compensating current should be equal to those of the loading, this yields:

|chfq| = |Ifoq|7 |chn| = |Ian| (516)

where I xfq and Iy x, are the reactive and nth order harmonic current of the loading.

From (5.12)—(5.16), the inverter fundamental and each nth harmonic order
output voltages of the HAPF single-phase circuit model without and with
Len(Vinvixf_NL> Vinvisn_nzs Vinvigg s Vinvi_1) can be calculated. Then the mini-
mum dc-link voltage requirement (Vge1x_nr, Vae1x_r) for the HAPF single-phase
circuit models can be found by (5.10) and (5.11).

As the HAPF discussed in this book aims to compensate reactive power and
current harmonics, the generalized single-phase pg theory as discussed in
Appendix A.2 is chosen in this chapter. By using the single-phase pq theory, the
reactive power and current harmonics in each phase can be compensated inde-
pendently, thus the final required minimum dc-link voltage for the three-phase
four-wire center-split HAPF without and with L.,(Va1 nr, Vaer_r) will be the
maximum one among the calculated minimum value of each phase
(Vaerx_nL, Vaeix_1), which are expressed in (5.17) and (5.18).

Vier_NL = Vel _min = Max(2Vae1a_ne, 2Vac1v_ney 2Vaeie i) (5.17)

Vier_1 = Vaer_min = Max(2Vc1a_r, 2Vac1b_1,2Vaere_r) (5.18)
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From (5.17) and (5.18), the inverter capacity of the HAPF without and with L,
(Sinv_~L, Sinv_z) can be expressed as:

Vac1_ne
Sinv =3 — Ic 5.19
_NL v (5.19)

Sinv_1 = V(:C/IEVL

where I, = max (I, I, I.c). From (5.19) and (5.20), the inverter capacity of the
HAPF without and with L, is proportional to their corresponding dc-link voltage.
Thus, the dc-link voltage level can reflect the inverter capacity of the HAPF.
Table 5.1 lists the minimum dc-link voltage deduction steps of the HAPF without
and with L.

From Table 5.1, the minimum dc-link voltage values can be calculated only
when the spectra of the load currents are known. If the load current spectra cannot
be measured (unknown loads) before the installation of the HAPF system, via Fast
Fourier Transform (FFT), the load current spectra can also be figured out by using
the DSP of the HAPF after installation. Then the minimum dc-link voltage value
can be calculated by using the DSP via the deduction steps in Table 5.1. Once the

I, (5.20)

Table 5.1 Minimum dc-link voltage deduction steps of the HAPF without and with L,

1 Inverter fundamental output voltage without and with L,:
VinlefANL = VinlefAL =V:— ‘chl - ﬁ‘l |1cqu|
where |chfq| = ‘ILqu , where @ = 2nf (5.13)
2 Inverter nth harmonic order output voltage without and with L,:
5.14
Vinvin_ne = ‘"(DLcl = o | Hexnl G194
Vinviake1_t = |(3k £ D)oLt — mrrioes ek |
vinvl)rnAL = 1
Vinviask_L = ‘3/((0(11-1 +3L,) — mhlazﬂ (5.15)
where |Iexn| = [Iixn|, nth =3 k &+ Ith or 3kth, k=1, 2... oo,
n=2,3...00, o=2nf
3 Minimum dc-link voltage without L,,:
Vier_ N = Vet _min = Max(2Vae1a_nr, 2Vaets_NL, 2Vacie_nr) (5.17)
2 o0
Where Vdclx_NL = \/|Vdcle_NL| + Z ‘Vdclxn_NL‘z (510)
n=2

Vaetsr_n = V2Vinvixr_nes Vactm NE = V2Vinvion_nz, Where

n=2,3...00

Minimum dc-link voltage with L,: (5.18)
Vaei_t = Vael_min = Max(2Vaera_r, 2Vaeto_t> 2Vacre_)

2 o0
Where Viere_t = o/ |Vaerg o'+ 2 [Vaeron_o/ (5.11)
n=2

vdcl.foL = \/_Z‘VinlefAL’ VdclanL = \/_Z‘VinlenALs where n = 27 3...00
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minimum dc-link voltage value is known, the HAPF system can start operation.
Through the dc-link voltage control method, the dc-link voltage of HAPF can be
controlled to reach this minimum reference value.

For the three single-phase full bridge rectifier loadings as shown in Fig. 5.1a are
approximately balanced, from (5.19)—(5.20), the inverter capacity ratio Sk between
the HAPF with and without L., can be expressed as:

Sinv VC Vc X
SR _ _L  Vdel_L  Vdclx_L (521)

Sivvne Vaar_ne  Vaelx_ne

As the load harmonic currents are mainly contributed by the third, fifth, sev-
enth, and ninth harmonic orders, the coupling part (L., C.;) with the L., can be
tuned at the fifth and third harmonic orders, respectively. For the simulated HAPF
system parameters and balanced loading situations as shown in Tables 5.3 and 5.4,
Fig. 5.4 shows the Sg between the HAPF without and with different L., values.
From Fig. 5.4, when L., is chosen at around 4.5mH, the minimum inverter
capacity of the HAPF can be achieved. Moreover, the inverter capacity of the
HAPF with L., (L., = 4-5 mH) can be reduced by more than 50 % of that without
L., (L., =0 mH).

From the above analysis, when the 3kth and 3k £ 1th order harmonic contents
dominate the load harmonic current in a three-phase four-wire power system,
through appropriate design of the coupling part (L.;, C.1) and L, the HAPF with
L., can reduce its inverter capacity compared with the HAPF without L.,. The
coupling LC is required to be tuned at 3k £ 1th order harmonic frequency because
the coupling LC with L., can only eliminate the 3kth order harmonic current.
Moreover, 3kth harmonic order should be smaller than 3k + 1th harmonic order.

Although the use of L., increases one passive component of the HAPF, it may
effectively reduce the minimum dc-link voltage requirement, so as to lower the
HAPF system initial cost. Moreover, as the switching loss is directly proportional
to the dc-link voltage [13], the HAPF with L., will obtain less switching loss if a
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Table 5.2 Characteristics of the HAPF without and with L.,
HAPF No. of resonant frequency order for filtering No. of LC  Capacity of the

harmonics components inverter
L C
Without 1 3 3 Larger
L(,‘)‘l
With L., 2 4 3 Smaller

lower dc-link voltage is used, and vice versa. Besides, the system can also obtain
less switching noise, so as to improve its compensation performances. Table 5.2
summarizes the characteristics of the HAPF without and with L.

5.4 Simulation and Experimental Verifications for Inverter
Capacity Reduction Analysis of the Three-Phase Four-
Wire HAPF with Coupling Neutral Inductor

In order to verify the filtering characteristics and minimum dc-link voltage anal-
ysis in previous sections, representative simulation and experimental results of the
three-phase four-wire center-split HAPF system without and with L., as shown in
Fig. 5.1a will be given. To simplify the verification in this chapter, the dc-link is
supported by external dc voltage source and the simulated and experimental three-
phase loadings are approximately balanced. Table 5.3 lists the simulated and
experimental system parameters for the HAPF. From Table 5.3, the coupling L.
and C,, are designed basing on the load fundamental reactive power consumption
and tuned at the fifth order harmonic frequency, and the coupling LC with L, are
tuned at the third order harmonic frequency. As the simulated and experimental
loadings are approximately balanced, only phase a compensation diagrams will be
illustrated.

The HAPF reactive and harmonic reference compensating current is determined
by using the single-phase instantaneous pq theory as discussed in Appendix A.2.

Table 5.3 HAPF system

. - System parameters Physical values
parameters for simulations -
and experiments System source-side V. 220V
f 50 Hz
HAPF L, 8 mH
C.; 50 uF
Vel 45, 65,90 V
L., 5 mH
Nonlinear rectifier load Rurix 432 Q
Lz« 34.5 mH

CNLIX 392.0 uF
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Then the corresponding control block diagram of the three-phase four-wire HAPF
is also illustrated in Appendix A.2 . And hysteresis PWM is applied for generating
the required compensating current. Thus, the compensating current error Ai,
together with hysteresis band H will be sent to the current PWM control part for
generating the trigger signals to control the switching devices of the VSI. In the
following, as the load harmonic current contents beyond the ninth order are small,
for simplicity, the required minimum dc-link voltage calculation will be taken into
account up to ninth harmonic order only.

Simulation studies were carried out by using Matlab. In order to verify the
simulation results, a 220 V, 10 kVA three-phase four-wire center-split HAPF
prototype is implemented in the laboratory. IGBTs are employed as the switching
devices for the active inverter part. And the control system of the prototype is a
DSP TMS320F2812 and the analog-to-digital (A/D) sampling frequency of the
HAPF system is set at 40 pus (25 kHz). And the details of the 220 V, 10 kVA
experimental prototype can be found in Chap. 6.

5.4.1 Simulation Results

Figure 5.5a illustrates the simulated load current i;, waveform and its spectrum of
phase a, in which its corresponding fundamental reactive current, third, fifth,
seventh, and ninth order harmonic current in RMS values are shown in Table 5.4.
From Fig. 5.5a and Table 5.6, the total harmonic distortion of the load current
(THD;,,) is 32.1 % and the load neutral current (ir,) is 5.35 A, in which the 3rd
(3kth) and 5th (3k £ 1th) order harmonic contents dominate the load harmonic
current. With the help of Tables 5.1, 5.5 shows the required minimum dc-link
voltage values (Vyeixr ni» Vacixn nes Vacixs 1o Vacixn ) for compensating the fun-
damental reactive current, 3rd, Sth, 7th, and 9th harmonic current components and
the minimum dc-link voltages (V.; i, Vaer 1) of the HAPF without and with L,
in which Vg.; xp =79.24 V and V. ;, = 3422 V respectively. The dc-link
voltage for the HAPF is chosen as V,;.; = 45, 65, 90 V three levels for performing
compensation respectively. After compensation by the HAPF without and with
L., Fig. 5.5b—e show the simulated system current iy, waveforms and their spectra
of phase a at different dc-link voltage levels. Moreover, their corresponding results
are summarized in Table 5.6.

Table 5.4 Simulated and experimental fundamental reactive current, third, fifth, seventh, and
ninth orders harmonic current values of the loading

Fundamental  Third order  Fifth order  Seven order  Ninth order

reactive harmonic harmonic harmonic harmonic
current (A) current (A)  current (A) current (A) current (A)
Simulation results 3.72 1.96 0.53 0.23 0.16

Experimental results  3.41 1.92 0.45 0.20 0.12
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Fig. 5.5 Simulated i, and its
spectrum of phase a before
and after HAPF
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compensation with

Vaer =45V (Ley = 0),
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Vaer = 65V (Ley = 0),

d after compensation with
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Fig. 5.5 continued (©)
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Fig. 5.5 continued (e)
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From Tables 5.5 and 5.6, when the HAPF is operating without L., the coupling
LC of the HAPF mainly eliminates the fifth order harmonic current. From
Fig. 5.5b—e and Table 5.6, with the dc-link voltage of V,; =45V
(<Vaer v = T79.24 V), the HAPF cannot perform current compensation effec-
tively. After compensation, the THD of phase a system current is THD;,, = 36.2 %
and the system neutral current (i) is 5.85 A, in which the compensated THD;
does not satisfy the international standards (THD; <20 % for IEEE,
THD; <16 % for IEC) [14, 15]. When the dc-link voltage increases to
Vaer = 65V, as this value is closer to the required V,.; vy = 79.24 V, the HAPF
can obtain better compensating performances with THD; = 20.2 % and iy =
3.60 A, in which the compensated THD; still does not satisfy the international
standards [14, 15]. When the dc-link voltage increases to V,;.; = 90 V, the HAPF

Table 5.5 Simulated and experimental required dc-link voltage of the HAPF without and with

Len
HAPF Vi s Vaers v Vaeixs nes Vaersz v Vaerxo vt Vaer s
(mH)  Viery o Ve Vierxs Vieixz Vicrxo Vaer 1
V) V) V) V) V) V)
Simulation L., =0 10.56 37.92 0.13 2.77 3.52 79.24
results L, =5 10.56 1.26 0.13 2.76 13.11 34.22
Experimental L., =0 1642 37.15 0.10 2.40 2.64 81.54

results Loy=5 1642 1.24 0.10 2.40 9.83 38.66
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Table 5.6 Summary of simulated and experimental results before and after HAPF compensation
during balanced loading situation

HAPF Vaier  3rd harmonic 5th harmonic DPF THDj,, iy,
V) (%) (%) (%) (A)
Simulation Without comp. - 31.5 8.6 0.80 32.1 5.35
results HAPF 45 36.2 6.1 1.00 36.2 5.85
(Len = 0 mH) 65 25.2 1.1 1.00 20.2 3.60
90 2.7 0.6 1.00 5.3 0.86
HAPF 45 0.5 1.0 1.00 2.2 0.34
(Lcn = 5 mH)
Experimental =~ Without comp. - 31.4 7.3 0.83 32.7 5.77
results HAPF 45 23.8 3.2 1.00 25.3 3.51
(Len = 0 mH) 65 14.8 24 1.00 17.2 2.45
90 6.3 1.1 1.00 8.0 1.30
HAPF 45 24 1.5 1.00 5.6 0.74
(L., = 5SmH)

can effectively track the reference compensating current and achieve the best
compensation performances with THD; = 5.3 % and i, = 0.86 A among the
three cases. From Tables 5.5 and 5.6, when the HAPF is operating with L.,, the
coupling LC together with L., already eliminates the two dominant third and fifth
orders harmonic current. Therefore, the dc-link voltage of V,; =45V
(>Vger 1 = 3422 V) is already sufficient for the HAPF to obtain very good
compensating performances with THD; = 2.2 % and iy, = 0.34 A, as verified by
Fig. 5.5¢ and Table 5.6, in which the compensated THD;  satisfies the interna-
tional standards [14, 15].

5.4.2 Experimental Results

Figure 5.6a illustrates the experimental i;, waveform and its spectrum of phase a,
in which its corresponding fundamental reactive current, third, fifth, seventh, and
ninth order harmonic current in RMS values of the loading are shown in Table 5.4.
From Fig. 5.6a and Table 5.6, the THD;,  is 32.7 % and the iz, is 5.77A, in which
the 3rd (3kth) and 5th (3k &+ 1th) orders harmonic contents dominate the load
harmonic current. With the help of Tables 5.1, 5.5 shows the required V. . i,
Vdclxn_Nb Vdcle_b Vdclxn_L and VdCI_NLs Vdc]_L of the HAPF without and with Lcm
in which V;.; yp = 81.54 V and V,.; ; = 38.66 V respectively. Similar as sim-
ulation part, the dc-link voltage for the HAPF is chosen as V,;.; =45V, 65V,
90 V three levels for performing compensation respectively. After compensation
by the HAPF without and with L,, Fig. 5.6b—e show the experimental i;, wave-
forms and their spectra of phase a at different dc-link voltage levels. Moreover,
their corresponding experimental results are summarized in Table 5.6.

From Tables 5.5 and 5.6, when the HAPF is operating without L., the coupling
LC of the HAPF mainly eliminates the fifth order harmonic current. From



104

Fig. 5.6 Experimental i,
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Fig. 5.6 continued
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Fig. 5.6 continued
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Fig. 5.6b—e, with V;.; = 45 V (<V4; yr = 81.54 V), the HAPF cannot perform
current compensation effectively. After compensation, the THD;  of phase a is
25.3 % and the i, is 3.51 A, in which the compensated THD,_ does not satisfy the
international standards [14, 15]. When the dc-link voltage increases to
Vaer = 65V, as this value is closer to the required V,.; . = 81.54 V, the HAPF
can obtain better compensating performances with THD; = 17.2 % and iy =
2.45 A, in which the compensated THD;_ still does not satisfy the international
standards [14, 15]. When the dc-link voltage increases to V,.; = 90 V, the HAPF
can achieve the best compensation performances with THD; = 8.0 % and iy, =
1.30 A among the three cases. From Tables 5.5 and 5.6, when the HAPF is
operating with L, the coupling LC together with L., already eliminates the two
dominant third and fifth orders harmonic current. Therefore, the dc-link voltage of
Vier =45V >V, 1 = 38.66 V) is already sufficient to obtain very good com-
pensating performances with THD; = 5.6 % and i, = 0.74 A, as verified by
Fig. 5.6e and Table 5.6, in which the compensated THD; _ satisfies the interna-
tional standards [14, 15].

Figures 5.7-5.8 show the HAPF simulated and experimental compensating
current i, waveforms and their spectra of phase a with V,;.; = 90 V (without L)
and V,.; =45V (with L., =5 mH). As the i., harmonic contents above 15th
harmonic order (switching noise) shows a significant reduction by adding a L,
thus the HAPF with L., can effectively reduce the switching noise and also
improve the compensation performances as verified by Table 5.6, in comparison

Lgx
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Fig. 5.7 Simulated i,
waveform and its spectrum of
phase a: a V;.; =90 V
(L,=0)and b V,,;, =45V
(Lep =5 mH)
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Fig. 5.8 Experimental i,
waveform and its spectrum of
phase a: a V;.; =90 V
(Len=0)and b V,; =45V
(Lcn =35 Il’lH)
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with the conventional HAPF without L,, because it just requires a lower dc-link
voltage requirement for performing compensation.

Without L., case, if the coupling L.; and C,; are tuned at third order harmonic
frequency instead of fifth order, the dc-link voltage reduction with L., may not be
so significant. Unfortunately, by tuning L.; and C; at third order harmonic fre-
quency, it will significantly increase the initial cost and size of the HAPF, because
the required three coupling L. will be increased from 8 to 22.5 mH, compared
with the coupling L.; and C,; tuned at fifth order with a L., of 5 mH only.

If 3kth order load harmonic current exists, by concerning about: (i) initial costs
of both the coupling part (L., and C,;) and inverter part (dc-link voltage) and (ii)
switching loss and switching noise, it is cost effective for the coupling LC of the
HAPF with coupling neutral inductor to be tuned at one dominant 3kth and one
dominant 3k £ 1th order harmonic currents (3kth < 3k &+ 1th).

5.5 Summary

This chapter aims to investigate the minimum inverter capacity design for three-
phase four-wire center-split HAPF in reactive power and current harmonics
compensation. First, the equivalent circuit models of three-phase four-wire center-
split HAPF in d-q-0 coordinate are built and proposed. Based on the circuit
models, the filtering performance of the HAPF can be improved by adding a tuned
coupling neutral inductor. After that, the minimum dc-link voltage expressions for
the HAPF without and with coupling neutral inductor are also deduced. According
to the current quality of the loading and the minimum dc-link voltage expressions,
the dc-link voltage reduction analysis for the HAPF with coupling neutral inductor
can be mathematically obtained. Thus, the initial cost, switching loss, and
switching noise of the HAPF can be lowered by the additional neutral inductor.
Finally, simulation and experimental results of the three-phase four-wire center-
split HAPF with coupling neutral inductor are presented to verify its filtering
characteristics and the deduced minimum dc-link voltage expressions, to show the
effectiveness of reducing its dc-link voltage requirement (inverter capacity),
switching loss, switching noise, and improving the system performances in reac-
tive power and current harmonics compensation compared with the conventional
HAPF without coupling neutral inductor.
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Chapter 6

Design and Performance of A 220 V

10 kVA Adaptive Low DC-Link Voltage
Controlled HAPF with a Coupling Neutral
Inductor Experimental System

Abstract This chapter presents the design and performance of a 220 V, 10 kVA
adaptive low dc-link voltage-controlled hybrid active power filter (HAPF) with a
coupling neutral inductor experimental system, which can compensate both
dynamic reactive power and current harmonics in the three-phase four-wire distri-
bution power systems. Owning to its adaptive low dc-link voltage characteristic, it
can obtain the least switching loss and switching noise and the best compensating
performances, compared with the conventional fixed and newly adaptive
dc-link voltage-controlled HAPFs. Initially, the design procedures of the adaptive
dc-link voltage controller are discussed, so that the proportional and integral (PI)
gains can be designed accordingly. Then the design of the passive power filter (PPF)
and active power filter (APF) parts are introduced in details. And the general design
procedures for the adaptive dc voltage-controlled HAPF with neutral inductor are
also given. Finally, the validity and effectiveness of the 220 V, 10 kV A adaptive dc-
link voltage-controlled HAPF with neutral inductor experimental system are con-
firmed by experimental results compared with the conventional fixed and adaptive
dc-link voltage-controlled HAPFs without neutral inductor.

Keywords 220 V - 10 kVA . Three-Phase Four-Wire Center-Split HAPF -
Adaptive DC-Link Voltage Control - Coupling Neutral Inductor - Current Har-
monics - Digital Signal Processor - IGBT - Reactive Power - Signal Conditioning
Board

6.1 Introduction

The linear operation requirements of hysteresis PWM control for a three-phase
four-wire HAPF have been investigated and discussed in Chap. 3. To reduce the
switching loss and switching noise without adding-in the soft-switching circuit and
implement the dynamic reactive power compensation capability, an adaptive dc-
link voltage control technique for HAPF in reactive power compensation has been
proposed in Chap. 4. In Chap. 5, by adding a small tuned coupling neutral inductor

C.-S. Lam and M.-C. Wong, Design and Control of Hybrid Active Power Filters, 111
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to the HAPF, its minimum dc-link voltage requirement can be further reduced,
thus further reducing its switching loss, switching noise, and improving the system
compensating performances. However, (i) the adaptive dc control technique pro-
posed in Chap. 4 did not include current harmonics consideration, (ii) the HAPF
with neutral inductor discussed in Chap. 5 is operating at a fixed dc-link voltage
and its adaptive dc voltage control algorithm is still absent, and (iii) the important
proportional and integral (PI) gains design procedures for the adaptive dc-link
voltage controller including stability study and dynamic performance analysis
have not been considered and analyzed in the previous chapters.

In this chapter, the adaptive dc-link voltage controller for the HAPF with
coupling neutral inductor in both reactive power and current harmonics compen-
sation will be first proposed and described. And the PI gains design procedures for
the controller are also included. Then the system configuration, the design of the
PPF part and APF part of the 220 V, 10 kVA HAPF experimental system will be
introduced. And the general design procedures for the adaptive dc voltage-con-
trolled HAPF with neutral inductor are also given. Finally, a 220 V, 10 kVA
adaptive low dc-link voltage-controlled HAPF with neutral inductor laboratory
prototype is tested, representative experimental results are given in comparison
with the conventional fixed and adaptive dc-link voltage-controlled HAPFs
without neutral inductor. Given that most of the loads in the distribution power
systems are inductive, the following analysis and discussion will only focus on
inductive loads [1].

6.2 Adaptive DC-Link Voltage Controller for A HAPF
without and with L,

The switching loss of the switching device can be classified as turn-on and turn-off
losses. Equation (6.1) is the total turn-on and turn-off power loss [2], where V.,
I, Iens trns tvs and f,, are the de-link voltage, maximum collector current, rated
collector current, rated rise time, rated fall time, and switching frequency. Thus,
the higher the dc-link voltage of the HAPF, the higher the switching loss obtained,
and vice versa.

P = Vac Tens fo (Lt 0 g (L Ll (6.1)
Loss — YdciCM Jsw 8VNI N 3n 24Icy .

In addition, the current tracking speed of the HAPF is directly proportional to
the voltage difference between its dc-link voltage and load voltage, and inversely
proportional to its coupling LC impedance. For each reference compensating
current, there is an optimum dc voltage to get balance between the performances
and suppressing switching noise [3]. If the minimum dc-link voltage is found, it
can optimize the HAPF performances, switching loss and switching noise.
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Table 6.1 Minimum dc-Link voltage deduction steps of the three-phase four-wire HAPF
without and with L,

(1) Fundamental ~Minimum dc-link voltage without and with L., for compensating reactive
Frequency power:

Vdcl,\f_NL = Vd(‘le_L = \/E Vinlef_NL = \/_2‘ Vinlef_L

_ \/E Vx QLX/‘

) R
| Q(‘Xr_pp[.‘ !
where Oy, is loading fundamental reactive power, Q.. ppr is the reactive
power provided by coupling LC.
(2) Harmonic Minimum dc-link voltage without and with L., for compensating each nth
Frequencies  order current harmonic:

(6.2)

Vdc]xnvNL =
1
\/zvinlen_NL = \/E nchl - 4 ‘chn| (63)
nwCey
Vdcl,mAL = \/Evil‘ll’lanL =
1
Wit = V2|Gk+ DLy — —————— |1,
V2Vintakst L \/_‘( YLy Gk % DaCa exarst ]
1
2Vinvix = V23kax(Ley + 3Ley) — =———||ex3 6.4
V2Vintai_t \/“ o(Let + ) 3k0C, [Texsk| (6.4)

where I, = [, nth = 3 k &+ 1th or 3kth, k = 1, 2...00, n = 2, 3...00,

w = 2nf
(3) All Minimum dc-link voltage without and with L,:
Frequencies Vi _n; = Vel _min = Max(2Veta_nrs 2Vaets_NLs 2Vacte_NL) (6.5)
2 00
where Ve L = \/ [Viery s+ > [Vierm_n|” (6.6)
n=2
VdclAL = vdclAmin = max(zvdmALy 2VdebALa 2de‘z‘AL) (67)
2 o0
where Vdclx_L = \/|de'le_L| + Z |Vdc1xn_L|2 (68)
n=2

where n = 2, 3...0

From Chap. 4 and Chap. 5, the required minimum dc-link voltage for com-
pensating reactive power (Vaesy ni» Vaerxs 1) and each nth current harmonic order
(Vacrxn_~NL> Vaeran_r) Without and with L, case can be summarized by (6.2-6.4) as
shown in Table 6.1. Then the minimum dc-link voltage requirements (V. . wr,
Vaerx 1) for the HAPF single-phase equivalent circuit models can be obtained by
(6.6) and (6.8) in Table 6.1. To compensate both the reactive power and current
harmonics of the loading, the final minimum dc-link voltage for the three-phase
four-wire HAPF without and with L., (Vy.; nr. Vae; ) Will be the maximum one
among the calculated minimum value of each phase indicated by (6.5) and (6.7) in
Table 6.1. Therefore, the calculated dc-link voltage must be sufficient for all three
phases. Based on the results in Table 6.1, the adaptive dc-link voltage controller
for the three-phase four-wire HAPF without and with L., will be proposed in the
following.
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Fig. 6.1 Proposed adaptive dc-link voltage control block diagram for the three-phase four-wire
HAPF without and with L., for reactive power and current harmonics compensation
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Figure 6.1 shows the adaptive dc-link voltage control block diagram for the
three-phase four-wire HAPF without and with L, for reactive power and current
harmonics compensation, in which it consists of three main control blocks: instan-
taneous power compensation control block, proposed adaptive dc-link voltage
control block, and final reference compensating current and PWM control block.

6.2.1 Instantaneous Power Compensation Control Block

For the instantaneous power compensation control block, the reference reactive
and harmonic compensating currents for HAPF (i, _,, the subscript x = a, b, ¢ for
three phases) are determined by the single-phase instantaneous pg theory as dis-
cussed in Appendix A.2.

6.2.2 Proposed Adaptive DC-Link Voltage Control Block

The adaptive dc-link voltage control block consists of three parts: (1) determination
of adaptive minimum dc-link voltage V.; in, (2) determination of final reference
dc-link voltage level VZC 7, and (3) dc-link voltage feedback P/PI controller.

(1) Determination of Adaptive Minimum DC-Link Voltage: The loading instanta-
neous fundamental reactive power in each phase g, is calculated by using
single-phase instantaneous pg theory as discussed in Appendix A.2 and low-
pass filters. Usually, —gy.s/2 can keep as a constant value for more than one
cycle, thus loading fundamental reactive power consumption Q, ,rin each phase
can be approximately treated as Qr,y ~ —¢qr.r/2. Then the required minimum
dc-link voltage for compensating each phase Q;,, can be calculated by using
(6.2). With the help of FFT, the load current spectra |/;,,,| up to the considered
current harmonic order n can be calculated, the required minimum dc-link
voltage for compensating each nth order current harmonic can be calculated by
using (6.3) and (6.4). With the help of (6.6) and (6.8), the adaptive minimum dc-
link voltage Vy.; nin for the three-phase four-wire HAPF without and with L,
can be determined by (6.5) and (6.7) accordingly. To implement the adaptive dc
voltage control function for the HAPF, V,;.; ., can be simply treated as the final
reference dc voltage V. It is obvious that when the loading is changing, the
system adaptively yields different V.; ,,.;,, value.

(2) Determination of Final Reference DC-Link Voltage Level: However, this
adaptive control scheme may frequently change the dc voltage reference V.,
in practical situation, as the loading is randomly determined by electric users
(different Q;.r and I,,). Then this frequent change would cause a rapid dc
voltage fluctuation, resulting in deterioration of the HAPF operating perfor-
mances. To alleviate this problem, a final reference dc-link voltage level
determination process proposed in Chap. 4 is added, so that V., can be
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maintained as a constant value within a specific compensatlon range. If
Vicr_min 18 greater than the maximum level Va0 Vd( 7 = Viemax-

(3) DC-Link Voltage Feedback P/PI Controller: The HAPF can effectively con-
trol the adaptive dc-link voltage level by feedback the dc voltage-controlled
signal as both reactive and active current reference components (Que, Py.) [4]:

O = ~Ky+ (Vie, = Vao) = K [ (Vi = Vi) (69)

P, = Kp . (V;Cl — Vdcl) + K][/ (V;cl - Vdcl) dt (610)

where Q,. aims to change the dc-link voltage level due to adaptive dc control
and start-up dc-link self-charging function, while P,. aims to maintain the dc-link
voltage due to the system loss. K, and K|, are the proportional gains, while K; and
K;; are the integral gains of the controllers. With the help of the three-phase
instantaneous pq theory as discussed in Appendix A.l and Q. and P, terms, the
dc-link voltage V,.; can track its reference VZC ; by changing the three-phase dc
voltage control reference compensating currents i., 4. in a-b-c coordinates, in
which the calculation details are discussed in both [4] and Sect. 4.4.2. In the
following, the design process for K, K,,, K; , and K;; will be discussed.

Figure 6.2 shows the dc-link voltage control block diagram during adaptive dc
control and start-up dc-link self-charging function, and Fig. 6.3 shows the dc-link
voltage control block diagram during compensating system loss, where
Vivigp = \Ve—llexggl 1 XppeAl and Vi, 1ip = UewpllXpppd are the inverter funda-
mental active and reactive voltages, /., and Iy, are the fundamental compen-
sating active and reactive currents.

When PI controller is applied, from Figs. 6.2 and 6.3, their close-loop transfer
functions can be expressed as:

P/PI

Vae(s) + PR Cac(s =71 a3 w dcq(‘) T Vae(S) 2] Vaer(s)
a S 3Vx lﬂV]qu Vdcl i SCu'c] i

Fig. 6.2 Block diagram of dc-link voltage control during adaptive dc voltage control and start-
up dc-link self-charging function

P/PI

*
Vici(s) + « L Ki Pye(s) Ip(s) = dcp(v) 1 Vac($)[ 2 Vier(s)
P 3VX invix, Ve 5Caet] |

Fig. 6.3 Block diagram of dc-link voltage control during compensating system loss
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Vx Vdcl Cdcl Vx Vdcl Cdcl
By ROUTH-HURWITZ criterion, the Routh tables for (6.11) and (6.12) can be

obtained. As K, K,, K; , and K;; > 0, the dc-link voltage controllers will be stable.
From the HAPF experimental system parameters in Table 6.5, C.; = 50 pF,
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Fig. 6.5 Stability and (a) Bode Diagram
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L.,;,=8mH, C;;=33mF, and V,=220V. For the dc-link maximum
operating voltage is V,.; = 150 V, fundamental compensating active and reactive
currents are /.4 = 0.2 A and Il = 4.2 A, when K; = K;; = 50, the effect of
K, and K, to the controller’s stability and dynamic response are shown in Figs. 6.4
and 6.5. From Figs. 6.4 and 6.5, when K, and K, are varying from 5 to 50, their
phase margins (P.M.) are increasing from P.M.1 to P.M.2, which enhance the
controllers’ stability. Moreover, a larger K, and K, value will yield a faster
dynamic response for the controllers.

When only P controller is applied, that is K; = K;; = 0 in Figs. 6.2 and 6.3,
their close-loop transfer functions can be deduced from (6.11) and (6.12). By
Routh tables, as K, and K, > 0, the dc-link voltage controllers will be stable. If the
proportional gains K, and K, are set too large, they produce a large fluctuation
during steady-state. On the contrary, if they are set too small, a long settling time
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and a large steady-state error will occur. In addition, the effect of K, and K, to the
controllers’ stability and dynamic response are shown in Figs. 6.6 and 6.7. From
Figs. 6.6 and 6.7, when K, and K, are varying from 5 to 50, their phase margins
(P.M.1 and P.M.2) do not change at all, and the controllers obtain good stability.
And a larger K, and K, value will yield a faster dynamic response.

To simplify the control process, Q. and P,. in (6.9) and (6.10) can be calcu-
lated by the same controller, i.e., K, = K,,, and K; = K;;. Even though the P
controller yields a steady-state error, it is chosen in this work because of its
simplicity and memory resource saving in the DSP, therefore it can yield a faster
response than the PI controller, as verified by Figs. 6.4b, 6.5b, 6.6b, and 6.7b. And
K, = K, = 40 is selected. If the dc-link voltage with zero steady-state error is
taken into consideration, PI controller is appreciated, K, = K, =40 and
K; = Kj; = 50 can be chosen. A limiter is also applied to avoid the overflow
problem of the controllers.
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6.2.3 Final Reference Compensating Current and PWM
Control Block

Both the hysteresis PWM and triangular carrier-based sinusoidal PWM method
can be applied for the PWM control part. After the process of instantaneous power
compensation and adaptive dc-link voltage control blocks as shown in Fig. 6.1, the
final reference compensating current i, can be obtained by summing up the iex g
and i., 4. Then the final reference and actual compensating currents ircand i., will
be sent to the PWM control part, and the PWM trigger signals for the switching
devices can then be generated. If the three-phase loadings are unbalanced, the dc
capacitor voltage imbalance may occur, the dc capacitor voltage balancing con-
cepts and techniques in [5] can be applied to balance the V.;y and V.;; under the
adaptive dc voltage control method.
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In the following, the system configuration, the parameters design of the PPF and
APF parts of the 220 V, 10 kVA three-phase four-wire center-split HAPF
experimental system will be introduced in details.

6.3 A 220 V 10kVA Three-Phase Four-Wire Center-Split
HAPF Experimental Prototype

6.3.1 System Configuration of Three-Phase Four-Wire
Center-Split HAPF

The experimental prototype of the 220 V, 10 kVA three-phase four-wire center-
split HAPF has been developed and built. The system configuration of the three-
phase four-wire HAPF experimental prototype is shown in Fig. 6.8, where the
subscript ‘x” denotes phase a, b, c, and n. v, is the load voltage, i, i;,, and i are
the system, load, and inverter current for each phase. C.; and L.; are the coupling
capacitor and inductor, L., is the coupling neutral inductor. Cy.;, Vye70, and Vy.gp
are the dc capacitor, upper, and lower dc capacitor voltages with
Vaciv = Vaeir = 0.5 Vaer. Ssources SHAPE Sape, Sppe, Sg, and Sgischarge are con-
trollable switches for controlling different parts of the circuit. VISC and CTSC

Active Power Filter m/ — — — —
wen | 1

J— IGBT Drivers
DC
Capacitors vTsc
Cacr Az

| Discharge
Resistor
C,
| ) Sdiscnarge“”,l\ @
DC Voltage
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1o e 90 @

Resistor Passive Power |
Filter (PPF) |
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Current Meters a
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VTSC: Voltage Transducer with Signal Conditioning
CTSC: Current Transducer with Signal Conditioning

Fig. 6.8 System configuration of the 220 V, 10 kVA HAPF experimental prototype
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Fig. 6.9 The 220 V, 10 kVA
HAPF experimental
prototype testing
environment

represent voltage and current transducer with signal conditioning board. The load
is a nonlinear load, a linear load, or their combination. And the HAPF experi-
mental prototype testing environment is shown in Fig. 6.9.

6.3.2 Experimental Testing Loads

The 220 V, 10 kVA three-phase four-wire center-split HAPF experimental pro-
totype has been tested under the loadings as shown in Fig. 6.10. And their cor-
responding parameters’ values are summarized in Table 6.2.

6.3.3 Design of PPF Part of HAPF

The coupling C.; and L.; of the HAPF are designed basing on the average fun-
damental reactive power consumption and the n; = 3 k £ 1th harmonic current of
the loading, k = 1, 2...00. The reactance of C.; and L., can be expressed as:
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Fig. 6.10 The 220 V, 10 kVA HAPF experimental prototype under testing loads situation

2

1
XCcl ==2= +XLC1) XLcl = ?XCCI (613)

‘lef’ 1

where V, is the RMS load voltage, Qfois the phase average fundamental reactive
power consumption of the loading. From (6.13), C.; can be found:

nd—1\ |Owy|
Co = |~ = 6.14
1 ( n ) onf -V (614
Then the coupling L.; can be expressed as:
1
og=—— (6.15)
(n1 - 27f)*-Cey

where L., can also smooth the inverter output current ripple. And the coupling
neutral inductor L., can be obtained as:

1 1

3 (}12 . 2nf)2~Ccl a

Len (6.16)

where n, is a 3kth harmonic current order, and n; > n,.

For the full bridge diode rectifier loading as shown in Fig. 6.10, the 3rd and 5th
order harmonic currents will be the two dominant harmonic current contents. From
Table 6.2, when designing the passive part parameters based on Qfo = 790.0 var,
n; =5, and np = 3, the coupling capacitor, inductor, and neutral inductor are:
C.1 =50 uF, L,; =8 mH and L., ~ 5 mH, respectively. The PPF hardware cir-
cuit diagram of the 220 V, 10 kVA HAPF experimental system is shown in
Fig. 6.11.
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Table 6.2 Experimental parameters for testing loads situation

System parameters Physical values

V. 220V

f 50 Hz

1st inductive nonlinear rectifier A Ryz7v Lnzie 43.2 Q, 34.5 mH, 392.0 pF

load B  Cniix (Qry = 720.0 var)
C

2nd inductive linear load A Rypoe Lipoy 60 Q, 70 mH (Qy,y = 200.0 var)
B
C

6.3.4 Design of APF Part of HAPF

The APF part of the HAPF is composed of a dc-to-ac center-split VSI with dc-link
capacitors, which includes IGBT power switches with drivers, transducers with
signal conditioning boards, and digital controller. In the following, the design of
the following three components of the APF part will be presented.

(1) IGBT power switches with drivers,
(2) Transducer with signal conditioning boards,
(3) Digital controller and its software design.

6.3.4.1 IGBT Power Switches with Drivers

For the switching frequency range from a few kHz up to 20 kHz and the allowable
maximum voltage of 400 V, IGBT is chosen as the power switching devices of the
APF part of the HAPF system. Moreover, IGBT has the merit of low switching
losses and require very little drive power at the gate. IGBT module can cover a
power range up to about 1 megawatt and is now having a major impact on the

Fig. 6.11 Hardware circuit
diagram for PPF part of the
220 V, 10 kVA HAPF
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(a) (b)

C2E1

Fig. 6.12 Dual IPM module: a photo and b circuit diagram

power electronic systems in the low to medium power range for industrial and
consumer applications. The Mitsubishi third generation IGBT PM300DSA60 dual
intelligent power module (IPM) is selected, with maximum rated current and
voltage of 300 A and 600 V, respectively [6]. The IPM provides the user with the
additional benefits of equipment miniaturization and reduced time to market as
they include gate drive circuit and protection circuits [7, 8]. The photo and circuit
diagram of the selected dual IPM is shown in Fig. 6.12, in which this module can
be used as one leg of the VSI, which provides great convenience to the hardware
implementation.

The schematic diagram of the IGBT driver board is shown in Fig. 6.13, which
is used to drive one dual IPM. The IGBT driver board is designed to control the
switching state of IGBT with the trigger signals generated by the digital controller.

The followings are some key information for the IGBT driver with the input/
output (I/O) requirement of the digital controller.

(1) M57140-01 is an isolated dc-to-dc converter designed to drive IPMs. With an
input DC 20 V, the module supplies four 15 V outputs with total 3 W max-
imum power. Isolation is provided from primary to secondary and also
between the secondaries [9].

(2) The SN74HCTO8 AND Gate is used to protect the I/O of digital 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 [10]; while the typical working current of
HCPL4504 optocoupler is 16 mA [11].

(3) PC817 is a photocoupler that works for fault signal “FO”. +VL, R7, and RS
are combined as resistor divider to pull up the fault signal “FO” and limit the
voltage within 3.3 V.

(4) 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 digital
controller I/0, “FO” pull up potential, and RC low-pass filter’s loading effect.

The final hardware connection between the IGBT power switches and drivers
are shown in Fig. 6.14.
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Fig. 6.13 Schematic diagram of IGBT driver board

6.3.4.2 Transducers with Signal Conditioning Boards

The three-phase load voltages, load currents, compensating currents, and dc-link
voltages of the HAPF are measured by transducers with signal conditioning
boards. The adopted transducers are based on the Hall-Effect transducer, which
provides an isolated measurement for dc and ac voltage and current. The voltage
and current signal conditioning boards can transfer the large electrical signals into
small analog signals in order to be adopted as the A/D converter inputs of the

Fig. 6.14 Hardware
connection between IGBT
power switches and drivers of
the 220 V, 10 kVA HAPF

IGBT swich
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Fig. 6.15 Transducers with signal conditioning boards: a current board and b voltage board

digital control system. The measured output signals from the signal conditioning
boards are sent to the A/D converter and converted into digital signals in the digital
controller. These signals are required to calculate the reference compensating
currents. The photos of the voltage and current transducers with signal condi-
tioning boards are shown in Fig. 6.15. And the schematic diagram of the signal
conditioning circuit is shown in Fig. 6.16. From Fig. 6.16, the signal conditioning
circuit mainly includes one voltage follower and two negative gain amplifiers. The
voltage follower can provide a high input impedance to avoid loading effect, while
the two negative gain amplifiers can provide an appropriate positive output elec-
trical signal to A/D input of the digital controller. A 3.3 V zener diode is imple-
mented at the output side to limit the input voltage level to a 3.3 V digital
controller.

In order to synthesize parameters of the signal conditioning circuit, the R1 of
KT 20 A/P (current transducer) indicated in Fig. 6.16 is selected as 50 Q, while
that of KV 50 A/P (voltage transducer) is selected as 100 Q [12]. Therefore, the
current and voltage transducer output voltage (V;,) will have the same range
between —5 t0 5 Veqx.

The selected A/D converter of the digital controller has an input range of
0 ~ 3.3 V. Therefore, the output voltage (V,) of the signal conditioning circuits

R9

Fig. 6.16 Schematic diagram of the signal conditioning circuit
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Table 6.3 Parameters of the signal conditioning boards (in peak value)

Max. measurement range (Apeak/Vpeak) Vin (Vpeak) Vo (Vpeak) R, (kQ) R; (kQ) Rs (kQ)
Current iy, -20~20 -5 ~5 0309 ~ 2991 82 20 2.2
. 20 ~20 -5 ~5 0309 ~2991 82 20 2.2
Voltage v, —330 ~ 330 -5 ~5 0309 ~ 2991 82 20 2.2
Vaiervs Vaelr 0~200 O0~5 0330~ 2991 82 100 2.2

Note: Ry =15kQ, R, =5KkQ, Rs = Rg = 10kQ, and R;y, R;;, R;> are 20 kQ adjustable
resistor

should be consistent with (0 ~ 3.3 V). To avoid the unsteady state when the input
voltage approaches 3.3 V, the peak output voltage is changed to the range of
0.3 ~ 3.0 V. According to the schematic diagram as shown in Fig. 6.16, the
signal conditioning board output voltage can be expressed as:

Rs Rs

Vo - 7Vin +

x 15 (6.17)
R, Rs

For ac measurement, a dc offset should be provided for the input analog signals
because a negative voltage is not compatible for a 0 ~ 3.3 V digital controller.
Set Rs = 2.2 kQ and R; = 20 kQ, then V,, = 2k_221< Vin + 1.65.

According to the experimental loading conditions as listed in Tables 6.2 and 6.4,
the maximum measurement ranges for load currents and compensating currents are
set as 220 and £20 A, respectively. And the maximum measurement range of
the load voltages and dc-link capacitor voltages are set as £330 and +200 Vpe,x,
respectively. Table 6.3 shows the design parameters of the signal conditioning
boards. And the photo of the overall current and voltage transducers with signal
condition boards for the HAPF experimental prototype is shown in Fig. 6.17.

6.3.4.3 Software Design of Digital Controller DSP-TMS320F2812

The reference compensating current calculation is achieved by a digital signal
processor (DSP). The high speed DSP-TMS320F2812 is chosen which has high
performances in the real-time control and motor/machine control. There are a total
of 16 multiplexed analog inputs of 12-bit analog-to-digital converter (ADC) core
with built-in sample and hold (S/H) in the DSP-TMS320F2812. The 12-bit ADC
module is operating with a fast conversion rate of 80 ns at 25 MHz ADC clock.
The ADC sequencer consists of two independent 8-state sequencers that can also
be cascaded together to form one 16-state sequencer [10]. After conversion, the
digital value of the selected channel is stored in the appropriate result register. The
results will be transformed into the corresponding format and values by bit shift
operation on the result registers.

There are two Event Managers (EV), EVA and EVB, embedded in
TMS320F2812. And each EV module contains two general-purpose (GP) timers
[10]. The GP timers can be used as the timer to activate the A/D conversion, to
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Fig. 6.17 Overall current
and voltage transducers with
signal conditioning boards of
the 220 V, 10 kVA HAPF

provide a time base for the operation of the full compare units, or to calculate the
reference current. There are six PWM outputs with programmable deadband and
output logic for each EV created by the intrinsic three full compare units. These
PWM signals are generated by using EV module, Timer 1 (EVA), and Timer 3
(EVB). The deadband unit is used to implement the deadtime of the inverter in
each of the compare units. When the deadband unit is enabled for the compare
unit, the transition edges of the two signals are separated by a time interval
determined by the inverter switch limitation. A deadband can be provided to avoid
the short-circuit case between the upper and lower switches in one leg. The
deadband is designed as 4.27 ps, which is larger than the recommended condition
(>3.5 ps) of the PM300DSA60 IPM.

For the 220 V, 10 kVA HAPF experimental prototype, Timer 2 (EVA) is used
to define the sample rate of ADC module, in which the sampling frequency is set to
25 kHz. For every 1/25 kHz(s) period, the Timer 2 will provide a trigger signal to
process A/D conversion and the corresponding interrupt. And there are totally 4
groups with 12 channel signals (3 load voltages v,, 3 load currents i;,, 3 com-
pensating currents i.,, and 2 dc-link capacitor voltages V4 .1y, Vgc11) are converted
into digital values. Timer 1 (EVA) is responsible for generating PWM. The fre-
quency of Timer 1 is determined by the switching frequency limitation of the
IGBT; Timer 1 is set to have a maximum switching frequency of 12.5 kH. And
there is only one interrupt activated, in which the A/D interrupt has the highest
priority. In the following, the program flowchart for the DSP-TMS320F2812 in
performing A/D signal sampling, reference compensating current calculation,
adaptive dc-link voltage control, and generating the PWM signals for controlling
the VSI output is shown in Fig. 6.18. And the DSP controller of the 220 V,
10 kVA HAPF experimental prototype is shown in Fig. 6.19, in which there is a
signal connection printed circuit board (PCB) for convenient connection between
the peripherals I/O ports of the DSP and other physical devices.
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(a) (b)
ADC interrupt i
j Calculate Vge1* control
comp. current icx_dc
s Enable all
ystem interrupts i i
initialization Obtain ADC signals Calculate final ref. comp.
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! : i o' o ox o
Start Timer 2
PWM initialization (EVA) counter Calculate ref. comp.
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i i compare register
Waiting for ADC
ADC initialization interrupt Calculate adaptive dc
i voltage level Ve*

Fig. 6.18 DSP program flowchart of the HAPF: a main program and b interrupt service routine

Fig. 6.19 The DSP
controller of the 220 V,
10 kVA HAPF

6.3.5 General Design Procedures for Adaptive DC-Link
Voltage Controlled HAPF with L.,

The general design procedures for the adaptive dc-link voltage-controlled HAPF
with L., will be summarized in the following steps:

(1) From the average Quf and the dominant n; = 3 k + 1th and n, = 3 kth,
n; > ny, C., L.y, and L, can be designed by (6.13-6.16).

(2) Viemax 18 designed according to HAPF’s specification; Vg,,a/3 of Va4 can
be treated as each dc-link voltage level step size.

(3) PI gains of dc-link voltage controller can be designed by plotting bode and
step response plots of (6.11, 6.12).

(4) According to Fig. 6.1, the proposed adaptive dc-link voltage controller for the
HAPF with L., can be implemented by using a DSP.
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(5) Sampling frequency, switching frequency, and hysteresis band of the HAPF
can be designed refer to [13].

In next section, the adaptive dc-link voltage-controlled HAPF with L, exper-
imental compensation results will be given, compared with the conventional fixed
and adaptive dc-link voltage-controlled HAPF without L.

6.4 Experimental Verifications of A 220 V 10 KVA Low
Adaptive DC-Link Voltage-Controlled HAPF with L,
Experimental Prototype

In this section, the proposed adaptive dc-link voltage-controlled HAPF without
and with L, for dynamic reactive power and current harmonics compensation will
be verified by experiments on a 220 V, 10 kVA HAPF experimental prototype.
The control system is a DSP TMS320F2812 and its sampling frequency is set at
25 kHz. Hysteresis current PWM is applied for the experimental prototype with
hysteresis band of H = 0.0625A and maximum switching frequency is 12.5 kHz,
in which the hysteresis band and sampling frequency satisfy the HAPF lineari-
zation requirement [13]. Moreover, the Mitsubishi IGBT IPMs PM300DSA60 are
employed as the switching devices of the inverter, and their switching frequency
limitation are at 20 kHz. Figure 6.1 shows the adaptive dc-link voltage-controlled
HAPF without and with L, control block diagram for experiments.

For the experimental testing loads as shown in Fig. 6.10 and Table 6.2, as its
harmonic current contents beyond the 9th order are small, for simplicity, the
required minimum dc-link voltage for current harmonics compensation will be
calculated up to 9th harmonic order only. Table 6.4 shows the 3rd, 5th, 7th, and
Oth order harmonic current in RMS values. From Tables 6.2 and 6.4 and the
reactive power provided by the coupling passive part Q.. ppr ~ —777.0 var
(V, = 218 V) ~ —806.0var (V, = 222 V), the final reference V., is designed to
have three adaptive dc voltage levels (Vye;uy, Vaerr = 25, 50, and 75 V) for the
experimental verification. Table 6.5 lists the system parameters for the 220 V,
10 kVA HAPF with L, experimental prototype. From Tables 6.1, 6.2, and 6.4, the
final minimum adaptive levels V,.;y, V4. for the experiments are illustrated in
Table 6.6.

Table 6.4 Experimental 3rd, 5th, 7th, and 9th orders load harmonic current values under testing
loads situation

Different situations Harmonic current order
3rd order (A) Sth order (A) 7th order (A) 9th order (A)
1st loading A,B,C 192 0.45 0.20 0.12

Ist and 2nd loadings A, B,C 1.90 0.46 0.23 0.12
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Table 6.5 System parameters of the 220 V, 10 kVA HAPF

System parameters Physical values
System source-side Vo f 220V, 50 Hz
Passive part L., C., L., 8 mH, 50 uF, 5 mH
(Qexr prr ® —790.0 var)

DC capacitor Cyel 3.3 mF

DC-link voltage levels Vaeivs Vaeir 25V,50V,75V

Table 6.6 HAPF experimental minimum dc-link voltage levels (25, 50, and 75 V) without or
with L,

Different situations Required Final minimum adapt.
Vaer_min2 (V) level Vieiu,Vaerr (V)
L., = OmH 1st loading A, B, C 44.0 50
Ist and 2nd loadings A, B, C 58.3 75
L., = 5SmH 1st loading A, B, C 253 25
1st and 2nd loadings A, B, C 46.3 50

6.4.1 Power Quality Data of the Experimental Loadings

Before the HAPF performs compensation, Fig. 6.20 shows the experimental
reactive power at system source-side Q. load voltage v,, and system current i,
waveforms of phase a. As the experimental loadings are approximately balanced,
only v, and i;, waveforms of phase a will be illustrated. Table 6.7 summarizes the
power quality parameters for the testing loadings. When the 1st inductive loading
is connected, the three-phase Q,, are 723.0, 718.5, and 721.2 var with power
factor (PF) = 0.804, 0.805, and 0.804, respectively, and the total harmonic dis-
tortion (THD;,,) of i, are 32.5, 31.5, and 31.6 %, in which the THD;,, do not
satisfy the international standards (THD;,, < 20 % for IEEE and 16 % for IEC)
[14, 15]. When both the 1st and 2nd inductive loadings are connected, the three-
phase Q;,y increase to 921.3, 920.1, and 921.9 var with PF = 0.870, 0.872, and
0.870, respectively, and the THD,,, become 21.3, 20.5, and 20.7 %, in which the
THD;,, do not satisfy the standards [14, 15]. In the following, the experimental
compensation results by three different HAPFs: (i) conventional fixed dc-link
voltage-controlled HAPF, (ii) adaptive dc-link voltage-controlled HAPF, and (iii)
adaptive dc-link voltage-controlled HAPF with L,, will be given and compared.

6.4.2 Experimental Results of Conventional Fixed DC-Link
Voltage-Controlled HAPF

With conventional fixed dc-link voltage reference (V.;u, Ve = 75 V) for the
HAPF, Fig. 6.21a shows that the V,;.;¢, Ve level can be controlled as its ref-
erence 75 V no matter when the 1st loading or 1st and 2nd loadings are connected.
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Fig. 6.20 Before HAPF compensation: a Qg b v, and i, of phase a when the Ist loading is
connected and ¢ v, and i, of phase @ when the 1st and 2nd loadings are connected
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Table 6.7 Experimental results before HAPF compensation

Before HAPF compensation for testing loading

Different cases Osxr PF THD;,, THD,,, ise (A) i, (A)
(var) (%) (%)
Ist inductive loading A 723.0 0.804 32.5 1.7 6.506 5.808
B 7185 0.805 31.5 1.9 6.467
CcC 7212 0.804 31.6 1.5 6.444
1st and 2nd inductive A 9213 0.870 21.3 1.6 9.520 5.659
loading B 920.1 0.872 20.5 1.8 9.539
Cc 9219 0.870 20.7 1.5 9.493
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Fig. 6.21 HAPF whole experimental dynamic compensation process with conventional fixed dc-
link voltage control scheme: a Vi1, Vierr, b Qgps € vy and iy, of phase a after HAPF starts
operation, and d v, and i, of phase a after the 2nd loading is connected
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Fig. 6.21 continued

Table 6.8 Experimental results after HAPF compensation with conventional fixed dc-link
voltage control

After HAPF compensation with conventional fixed dc-link voltage control

Different cases Oyt PF THD;,, THD,, iy (A) ig (A) Vv Vaerr
(var) (%) (%) V)
Ist inductive loading A —664  0.990 7.5 1.3 4943 1347 75
B —50.5 0.990 8.7 1.2 5.024
C —773 0.989 9.0 1.1 5.108
Ist and 2nd inductive A 15.2 0.997 4.6 1.1 8.071 1324 75
loading B —-33 0997 52 1.0 8.036
C 38 0.997 5.8 1.1 8.023

From Fig. 6.21b, the experimental Q,.rcan be approximately compensated close to
zero for both loadings case, compared with Fig. 6.20a. Figure 6.21c shows the PF
and THD;,, of phase a can be improved from 0.804 to 0.990 and 32.5 to 7.5 % at
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1st loading case. From Fig. 6.21d, the PF and THDj;, of phase a become 0.997 and
4.6 % when the 2nd loading is connected. Table 6.8 summarizes the results of the
HAPF with the conventional fixed dc-link voltage control.

6.4.3 Experimental Results of Adaptive DC-Link Voltage-
Controlled HAPF

With the adaptive dc-link voltage control for the HAPF, Fig. 6.22a shows that the
Vaeivs Vaerr can be adaptively changed (Vy.;u, Ve = 50 V for the 1st loading,

a
( g I 4stinductive : 1t inductive : 1%t and 2n¢ : 1%t inductive :
& - loading - loading e inductive e« loading =
] connected | connected I loading conr | connected |
5 1 | I |
] | | | |
‘B- L [ TTR—— 1 | o — — n— st et st st st {
] | [ |
] | I || I
o - | Vd 1 | I
£83 | - | IL 1
=T ] | | | |
1 HAPF starts || el | !
] operation If Vactu 1 !
E | | 1
2 1l T I 1
] I Vdc1 L | I |
] | I | I
J I 1 |
o :""'|-"';"|"I""l"';"-l" "'E"I"'!”" Al Rkl RAAA RALLE M IIII"|"'I ”| IIIII
141823 141824 141825 141826 141827 1401828 141829 1401830 141831 141832 141833
Time (s)
(b) i
8 1 A=7230var |
21 B=7185var |
i c=7212var !

|
|
|
|
|
|
|
|
A =-50.8 var |
|
[N

E | A=16.3 var
3 B= 29var
y B =-74.4 var
r 4 L C= 4.8var
g FNC SETENSPSPIE R )
1%t inductive 1%t inductive 15t and 2n | 1 inductive |
jt—loading.. loadi inductive »he—loading. -

connected connected loading connected : connected

-500
PR B PO L PR PR Y

|
I
A LAl Ly At L s A LM Sl A L) s biakd L) A A LAY MRS MM Al st Lt e T

144224 144225 144226 144227 144226 144229 144230 144231 144232 144233 144234 144235
Time (s)

_____r___‘

Fig. 6.22 HAPF whole experimental dynamic compensation process with adaptive dc-link
voltage control scheme: a Ve 0, Vaerr, b Qgyp € vy and i, of phase a after HAPF starts operation,
and d v, and i, of phase a after the 2nd loading is connected
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Fig. 6.22 continued

Table 6.9 Experimental results after HAPF compensation with adaptive dc-link voltage control

After HAPF compensation with adaptive dc-link voltage control

Different cases Qg PF THD,;, THD,, i isn Vaervs Vaeir
(var) (%) (%) A @A) )
Ist inductive loading A —50.8 0.990 83 1.0 5.023 1.500 50 V
B —744 0989 103 1.1 5.044
C —793 0989 10.7 1.0 5.058
Ist and 2nd inductive A 16.3 0.997 4.5 1.0 8.085 1.414 75V
loading B 29 0.997 5.0 1.0 8.047
C 438 0.997 5.9 1.0 8.008

Vacivs Vaerr = 75 'V for the Ist and 2nd loadings) according to different loading
cases. From Fig. 6.22b, the experimental Q;,rcan be compensated close to zero for
both loadings case. Figure 6.22c shows that the PF and THDj;, of phase a can be
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Fig. 6.23 HAPF whole experimental dynamic compensation process with adaptive dc-link

voltage control scheme and L.,: a Vge1u, Vaerr, b Qgp € vy and i, of phase a after HAPF starts
operation, and d v, and i, of phase a after the 2nd loading is connected

improved from 0.804 to 0.990 and 32.5 to 8.3 % at 1st loading case. From
Fig. 6.22d, the PF and THD;,, of phase a become 0.997 and 4.5 % when the 2nd
loading is connected. Table 6.9 summarizes the results of the HAPF with the
adaptive dc-link voltage control scheme.

6.4.4 Experimental Results of Adaptive DC-Link Voltage-
Controlled HAPF with L.,

With the adaptive dc-link voltage control for the HAPF with L., Fig. 6.23a shows
that the V;.;y, Vauerr can be adaptively changed (Vye;u, Ve = 25 'V for the st
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loading, V;.;v, Vaerr = 50 V for the 1st and 2nd loadings) according to different
loading cases. From Fig. 6.23b, the experimental Q;,rcan be compensated close to
zero for both loadings case. Figure 6.23c shows that the PF and THD;;, of phase
a can be improved from 0.804 to 0.995 and 32.5 to 5.7 % at st loading case. From
Fig. 6.23d, the PF and THDj;, of phase a become 0.999 and 3.4 % when the 2nd
loading is connected. Table 6.10 summarizes the results of the HAPF with the
adaptive dc-link voltage control scheme and L,,.

6.4.5 Comparison

From Figs. 6.21, 6.22, and 6.23 and Tables 6.8, 6.9, and 6.10, the three different
HAPFs can achieve more or less the same steady-state reactive power
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Table 6.10 Experimental results after HAPF compensation with adaptive dc-link voltage control
and L,

After HAPF compensation with adaptive dc-link voltage control and L,

Different cases (o PF THD,;, THD,, i [ Vacivs Vacir
(var) (%) (%) A A (V)
Ist inductive loading A —=59.1 0995 5.7 0.9 5.052 0.815 25
B 883 0994 59 0.9 5.011
C -904 0994 6.4 0.9 4.962
1st and 2nd inductive A 16.5 0.999 34 0.9 8.073 0.839 50
loading B 97 0.998 3.6 0.8 8.017
C 40 0.998 4.3 0.9 8.031

Table 6.11 Experimental inverter power loss of HAPF with fixed V.;,, Ve = 75 'V, adaptive
dc-link voltage control, and adaptive dc-link voltage control with L.,

Inverter power loss of HAPF Fixed V. 0, Adaptive dc Adaptive dc
Vier =75V with L,
Power loss (W) Ist inductive loading 41 W 37 W (50 V) 35W@25V)
~ 10 %] ~ 15 %]
Ist and 2nd 59 wW 59 W (75 V) 54 W (S0V) ~9 %]

inductive loading

compensation results, and their compensated THD;;, and THD,, satisfy the
international standards [14-16]. Moreover, the system current i;, and neutral
current ig, can be significantly reduced after compensation. From Table 6.11,
during 1st loading case, the adaptive dc control scheme (V;.;¢, Vaerr = 50 V) can
reduce the switching loss compared with the conventional fixed V.,
Ve = 75 V control, because the switching loss is directly proportional to the dc-
link voltage [2]. And the adaptive dc-link voltage-controlled HAPF with L., can
obtain the least switching loss because it just requires the lowest dc-link voltage
levels for compensating both loadings case. The lowest dc-link voltage also leads
the HAPF to obtain the best current harmonics and neutral current reduction.

Fig. 6.24 shows the experimental compensating currents i ., of phase a with: (a)
fixed Vye1us Vaerr = 75 V; (b) adaptive dc-link voltage control; and (c) adaptive
dc-link voltage control with L, at 1st loading case. Figure 6.24 illustrates that the
adaptive dc voltage control scheme can reduce the switching noise (~20 %] in
current ripple) compared with the fixed dc voltage case. And the adaptive dc
voltage-controlled HAPF with L., can further reduce the switching noise
(~70 %] in current ripple). Figure 6.25 shows the experimental neutral inverter
currents i.,, which also verifies the switching noise reduction by the adaptive dc-
link voltage control and L.,.

Fig. 6.26a shows the performances comparison between the HAPF with and
without L.,. With L., case, its compensating current tracking ability can be
enhanced, thus the HAPF can obtain a low THD,,, value under low V.,
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Fig. 6.25 Experimental i., with: a a fixed V;.;y, Vge;r, = 75 V, b adaptive dc-link voltage
control, and ¢ adaptive dc-link voltage control with L,

Vaerr = 25 V. Without L., case, a sufficient dc-link voltage (V.;u, Ve = 50 V)
should be applied to ensure its current tracking ability. To obtain similar THD;q,
value, the HAPF with L, can have a much lower dc operating voltage. In addition,
the inverter power loss curve of HAPF under different dc voltage level is shown in
Fig. 6.26b. From Fig. 6.26b, it clearly indicates that a lower inverter power loss
can be obtained for the HAPF with L,

For the adaptive dc-link voltage-controlled HAPF with or without L., due to its
reference dc voltage Vj,; can be varied according to different loading conditions,
its compensating performance will be influenced during each changing of the dc
voltage level. Compared with the fixed dc voltage control, the adaptive dc control
scheme will have a longer settling time during the load and dc voltage level
changing situation.

The adaptive dc-link voltage-controlled HAPF with L., can obtain the least
switching loss and switching noise and the best compensating performances
among the three different HAPFs. As the switching loss is directly proportional to
the dc-link voltage and switching frequency [2], applying the fixed frequency
triangular PWM scheme will also yield the same trends of loss reduction results.
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6.5 Summary

In this chapter, a 220 V, 10 kVA adaptive low dc-link voltage-controlled HAPF
with coupling neutral inductor experimental prototype was developed and built,
which can compensate both dynamic reactive power and current harmonics in
three-phase four-wire distribution power systems. Initially, its adaptive dc-link
voltage controller’s design procedures are discussed, so that the PI gain values can
be designed accordingly. Then the parameters design of the PPF part, the design of
transducers with signal conditioning circuits, IGBT drivers, and digital control
system for the APF part of the HAPF experimental system are introduced. And the
general design procedures for the adaptive dc-link voltage-controlled HAPF with
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coupling neutral inductor are also given. Finally, the 220 V, 10 kVA adaptive low
dc-link voltage-controlled HAPF with neutral inductor laboratory prototype has
been tested to verify its viability and effectiveness, in which it can obtain the least
switching loss and switching noise and the best compensating performances
compared with the conventional fixed and newly adaptive dc-link voltage-con-
trolled HAPF without neutral inductor. Moreover, it can significantly decrease the
three-phase and neutral currents to enhance the power network efficiency.
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Chapter 7

Conclusions and Prospective for Future
Work

Abstract In this final chapter, conclusion remarks for the proposed design and
control methods of a low-cost and low loss hybrid active power filter (HAPF)
system for dynamic reactive power and current harmonics compensation in three-
phase four-wire distribution power system are presented. Some possible future
research works are also provided.

Keywords Adaptive DC-Link Voltage Control - Coupling Neutral Inductor -
Current Harmonics - Hybrid Active Power Filter - Hysteresis PWM - Reactive
Power - Switching Loss - Switching Noise

7.1 Conclusions

This book presents and discusses the design and control of a low-cost HAPF
system for dynamic reactive power and current harmonics compensation in three-
phase four-wire distribution power system, which can also minimize the switching
loss and switching noise purposes. Moreover, the HAPF is capable to prevent the
resonance phenomena inherent in the pure PPF part and enhances the system
robustness. Two experimental prototypes (55, 1.65, and 220 V, 10 kVA) are
designed and tested to show its validity and effectiveness. The key contributions of
this book are summarized below:

1. The HAPF good resonance phenomena prevention capability, filtering perfor-
mance, and system robustness have been investigated and verified by simula-
tions in Chap. 2.

2. The nonlinear characteristics and linear slope requirements of hysteresis PWM
control for the HAPF are investigated and discussed in Chap. 3. Representative
simulation and experimental results of HAPF system are also given to prove the
validity of the hysteresis linearization study.
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3. An adaptive dc-link voltage control technique for the HAPF in dynamic reactive

power compensation is proposed in Chap. 4, so that the system switching loss and
switching noise can be reduced. Moreover, the proposed control technique can
achieve the initial start-up dc-link self-charging function, in which its validity and
effectiveness are verified by both simulation and experimental results compared
with the conventional fixed dc-link voltage control.

The minimum inverter capacity analysis of the HAPF is carried out in Chap. 5,
in which the minimum dc-link operating voltage requirement for the HAPF in
reactive power and current harmonics compensation has been mathematically
deduced. Through the HAPF equivalent circuit models in d-q-O coordinate
analyses, if two dominant current harmonics (3 kth and 3 k + 1th,
3 kth < 3 k £ 1th) existed in the loading, the dc-link voltage requirement for
the HAPF can be further reduced by adding a tuned coupling neutral inductor,
thus possibly to further reduce the system initial cost, switching loss, and
switching noise, in which the analyses are verified by both simulations and
experiments.

. A 220V 10 kVA adaptive low dc-link voltage-controlled HAPF with or

without coupling neutral inductor experimental prototype is developed and
reported in Chap. 6, which can compensate dynamic reactive power and current
harmonics in three-phase four-wire distribution power system. The design
details of the PPF and APF parts of the HAPF experimental system are
described. Compared with the conventional fixed and newly adaptive dc-link-
controlled HAPF without neutral inductor, the adaptive low dc-link voltage-
controlled HAPF with neutral inductor can obtain the least switching loss and
switching noise and the best compensating performances. Moreover, it can
significantly reduce the three-phase and neutral currents. And the compensated
current quality data satisfied the requirements of the international standards.

7.2 Perspectives for Future Work

Based on the research works done in this book, there are numerous issues meriting
further exploration in future research:

1.

The adaptive dc-link voltage control idea can be further extended into the
existing APF, static synchronous compensator (STATCOM), etc., applications,
in order to reduce the system switching loss, switching noise, and improve the
system performances.

The HAPF steady-state performances (resonances, robustness, etc.) with a
capacitor bank or PPF originally installed in parallel with the distribution power
system can be analyzed.

. As hysteresis PWM control is simple and widely applied in current quality

compensation, the hysteresis PWM control of this HAPF (LC coupling VSI)
has been proposed and discussed, in which the other PWM control strategies
can be further investigated for this HAPF.
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Appendix

A.1 Algorithm for HAPF Reference Reactive and Harmonic
Compensating Current Calculation Based on Three-Phase
Instantaneous PQ Theory

The reference reactive and harmonic compensating current calculation for the
HAPF can be achieved by the well-known three-phase instantaneous pg theory
proposed by H. Akagi et al. [1, 2]. The core of pg theory is to convert the
instantaneous voltages and currents into instantaneous space vectors.

From [1], the three-phase instantaneous load voltages (v,, vp, v.) and load
current (iz,, izp, ire) on the a-b-c coordinates can be transformed into those on the
a-f3-0 coordinates by the Clarke transformation:

[ v S 1/V2 V2 V2]
v =3 1 —1/V2 —1/V2||w (A.1)
Vs 0 V3/2 —V3/2] Vel
l:LO 5 1/\/§ 1/‘/§ 1/‘/E l:La
i | =4/3] 1 —1/v2 =1/V2| |iw (A2)
L2p 0  V3/2 —V3/2| Lie]

For a three-phase four-wire system, the pg theory defines two instantaneous real
power pg and p,g, and an instantaneous imaginary powers ¢,z as follows:

Do vo 0 0w
pap| = |0 ve vg||iL (A.3)
qap 0 —vg vo| |irg]

The inverse transformation of (A.3) is performed as follows:

) 1 V?_/; 0 0 [ po
iy | = - 0 vovy —vovg | |Pup (A4)
iLg % | 0 vovg  vova | [ 4up
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where viﬁ = vi + v%
Po Po Po
p| = |Pp| = |PtD (A.5)
q qop q+q

where py is the zero-sequence instantaneous power, p and g are the instantaneous
active and reactive power originating from the symmetrical fundamental
component (positive-sequence) of the load current, p and g are the instantaneous
active and reactive power originating from harmonic and the asymmetrical
fundamental component (negative-sequence) of the load current.

Therefore, the reference compensating currents in «-f-0 coordinates can be
calculated as follows:

icovq 1 Vgﬁ 0 0 pO
icoc_q = vop2 0 VoVa  —VoVp ﬁaﬁﬁ (A6)
i(-[;_q 0%ap 0 Vovg VoVy qup

where the term p,g in (A.6) can easily be extracted from p.z by using a low pass
filter (LPF) or high pass filter (HPF). Finally, the reference compensating currents
in a-b-c coordinates can be obtained by the inverse matrix of Clarke
transformation in o-f-0 coordinates:

ich_q| = 1/V2 =1/2 V32| |ic_q (A7)
fcc_q 1/v2 —1/2 V3/2| Lics_q
Figure A.1 shows the control block diagram for the three-phase four-wire

HAPF with three-phase instantaneous pq theory (without dc-link voltage control).
After the instantaneous reference compensating currents i (x = a, b, ¢) are

ica_q \/5 1/\/§ 1 0 icO_q
3

cx_gq
determined, the final reference compensating current i, = i._, without the dc
control. Then the final reference compensating current i7 and the compensating
current i., will be sent to the PWM control part and the PWM trigger signals for
the switching devices can then be generated.

A.2 Algorithm for Reference Reactive and Harmonic
Compensating Current Calculation Based on Single-Phase
Instantaneous PQ Theory

The instantaneous pq theory was originally developed for three-phase three-wire
and three-phase four-wire systems [1, 2]. Recently, the pg theory was developed
and expanded for single-phase systems [3]. In addition, this generalized single-
phase pq theory proposed by V. Khadkikar et al. [3] can also be well applied to
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Fig. A.1 Control block diagram for the three-phase four-wire HAPF with three-phase
instantaneous pq theory (without dc control)

three-phase or even multiphase systems. Thus, the reference reactive and harmonic
compensating current calculation for the HAPF can be also achieved by the single-
phase instantaneous pq theory.

The single-phase pqg theory is based on an instantaneous 7/2 lag or n/2 lead of
voltage and current to define the original system as a pseudo two-phase system.
Thus, the overall system can then be easily represented in o-f coordinates. The
phase load voltage v, and load current i, (x = a,b,c) are considered as
quantities on the a-axis, whereas ff-axis quantities are obtained by a 7/2 lag or 7/2
lead of the phase load voltage and load current [3]. The phase load voltage v, and
current ir, representation in o-ff coordinates with a 7/2 lag can be expressed as:

] =[] "

[;Z;} - [iuéli?n/z ] (A.9)
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The phase instantaneous active power pp, and reactive power ¢, can be

expressed as:
PLx _ Vxa vxﬁ . le (A 10)
qLx Vi Vxa le,B

The pr. and gz, can also be expressed as
PrLx = Prx + Prx (A.11)
Grx = qix + qLx (A.12)

where pr, and g, represent the DC components responsible for instantaneous
fundamental active and reactive power, whereas p;, and g, represent the AC
components responsible for harmonic power.

To compensate the reactive power and current harmonics generated by the load,
the reference compensating current i, , for each phase of the HAPF can be
calculated by:

. 1 .
fex_g = 5= [“Ver Pret vep - qui] (A.13)

where A, = vﬁm + Vzp- The term py, in (A.13) can easily be extracted from p;, by
using a low pass filter (LPF) or high pass filter (HPF).

Figure A.2 shows the control block diagram for the three-phase four-wire
HAPF with single-phase instantaneous pq theory (without dc-link voltage control).
After the instantaneous reference compensating currents Iy g (X = a, b, c¢) are
determined, the final reference compensating current i, = i.._, without the dc
control. Then the final reference compensating current i, and the compensating
current i, will be sent to the PWM control part and the PWM trigger signals for
the switching devices can then be generated.

A.3 Quasi-linear Limit 7;,,;; and Linear Limit T};,,,,
for HAPF Inverter Current Slope

Combining (3.4) and (3.6), the complete response of coupling capacitor voltage
veelx(t) can be derived. Then the HAPF inverter current i, can be deduced by
taking derivative of vc.1,(f) via (3.6). After that, taking derivative of i, will yield
the rate of change of inverter current (di,,/dt). As the initial condition of i.,will
not affect the nonlinear nature of the inverter current slope, it can be simply treated
as zero. Substitute this initial condition into di.,/dt during each switching interval,
this yields:
di (1)

2
_— = — (:C B|A A.14
t U)r 1D1 ( )
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Fig. A.2 Control block diagram for the three-phase four-wire HAPF with single-phase instan-
taneous pq theory (without dc control)

where ¢ represents each switching on or off interval (r = to, 0rto), @, = 1/
vL¢1Ce1, By is a real number and kept constant at each switching interval, and
A = cosw,t. To prevent the current slope from being nonlinear, the polarity of
(A.14) should be kept unchanged within each switching interval as shown in Fig.

3.3. However, due to the nonlinear term A = cosw,t, its polarity may have
interchanging within each switching on or off interval. In addition, the nonlinear
term is mainly affected by the coupling part (C,;, L) and the switching frequency
fw- As the coupling part is designed basing on the reactive power consumption
and the dominant harmonic current of the loading, the effect of changing the
coupling part values will not be studied. As a result, only the effect of changing the
switching frequency will be investigated in this work. In the following, the quasi-
linear limit 7jip;; and linear limit Ty, that divides the HAPF into nonlinear,
quasi-linear and linear regions will be determined based on a constant reference
inverter current i, (di’,/dt = 0) assumption. Then the quasi-linear limit Hjimi
and linear limitHj,e,, for the hysteresis band can be obtained correspondingly.
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From Fig. 3.3, the quasi-linear limit Tjjn;; and linear limit Tjjne,r Will be deduced
based on one switching interval (to, orts) analysis. As the hysteresis control
method yields asymmetric switching on and off intervals during operation, by
choosing  the  switching  frequency  f,, = 1/(ton + tofr) > 1/2Timit
orfy, > 1/2Tjinear, it is still possible that either switching on or off interval cannot
satisfy the limit Ty, OF Thinear- AS a result, in order to ensure that each switching
interval satisfies the limit, the switching frequency should be chosen as
Saw = U/Timicorf,, > 1/Tiinear- As a result, once the limits are determined, the
inverse of these limits are treated as the quasi-linear limit and linear limit for the
switching frequency f .

Figure A.3a illustrates the graphs of nonlinear term A at different time ¢. From
Fig. A.3a, in order to prevent the HAPF current slope from being nonlinear, the
switching frequency f,, and sampling time 7" can be chosen as:

1 1
fsw 2 —_, TS Tlimit and T S -_— (AlS)
limit sw
where Ty is the quasi-linear limit for each switching on or off interval.
From (A.14), the absolute error of the HAPF inverter current slope

|di¢y/dt]|,,,,,compared with a linear one can be expressed as:
dicx
= |1 — cos w,t| (A.16)
dt error

From Fig. 3.3c, once |dic/dt],,, < &% is satisfied, the inverter current slope

can be approximately treated as linear. From Fig. A.3b, if each switching interval

is less than Tiieqr, it can satisfy the HAPF linear region definition ‘dé <e%.
error

In order to obtain a linear inverter current slope, the switching frequency f,, and
sampling time 7 can be chosen as:

fsw Z ;; T S Tlinear and T S L (A17>
linear sw
where Tiiner 1S the linear limit for each switching on or off interval.

From Fig. 3.3, if the current slope error limit ¢ is set to be large, the HAPF will
result in low switching frequency and loss, but with a large operational error.
When ¢ is set close to zero, it is impractical due to a high switching frequency
requirement for the switching devices. Figure A.3c shows the switching frequency
fsw requirement in respect to different absolute percentage error (|dic,/dt|,,,) of
the current slope. From Fig. A.3c, when |di.,/df|,,,,, is desired to be decreased a
little bit more from 5 %, the switching frequency requirement will exponentially
increase a lot. In this book, ¢ is set at 5 % because its corresponding switching
frequency is within limitation of the switching devices. Moreover, the HAPF
compensation performances under ¢ = 5 %consideration are acceptable as verified
by the simulation and experimental results in Chap. 3.
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Fig. A.3 Graphs of: a A=cos w,t at different time ¢, b Idi., / dtle;o, at different time ¢ and ¢ f;,,
versus Idi., / dtlerror

A.4 Relationship Among Hysteresis Band H, Switching
Frequency f;, and DC-Link Voltage V,.; of Linearized HAPF

Figure A.4 shows the hysteresis current-controlled PWM for HAPF: (a) switching
scheme block diagram for one phase and (b) current and voltage waveforms before
and after linearization. From Fig. A4, the relationship among the switching
frequency fy, hysteresis band H, dc-link voltage V4., under HAPF linear region
can be derived. After simplification, the hysteresis band H value under a fixed
switching frequency fi, can be approximately expressed as:

v, 412
~ del |:1 B 2¢1 m2:|
8Lec1fsw Vaer

where m = di}, /dt is the slope of the reference inverter current i}, .

(A.18)
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Fig. A.4 Hysteresis current-controlled PWM for HAPF: a switching scheme block diagram for
one phase and b current and voltage waveforms before and after linearization

As the reference inverter current is assumed to be a constant value during the
linearization analysis in previous Sect. A.3, (A.18) becomes:

H— Vdcl

= A.19
8Lclf§w ( )

Substituting foy = /g, . OF I/Tlinear into (A.19), this yields the quasi-linear limit
Hjjmie or linear limit Hie,e for the hysteresis band. Under constant reference
inverter current i, assumption, the system operating switching frequency under
Hiimit Or Hjjnear Will be fixed. When i, is not a constant value, (A.19) will yield the
HAPF maximum operating switching frequency under a fixed hysteresis band.
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A.5 Photo and System Parameters of A 55V 1.65kVA HAPF
Experimental Prototype

(Fig. A.5, Table 1)

Fig. A.5 A 55V 1.65kVA
HAPF experimental
prototype

Table 1 A 55V 1.65kVA HAPF experimental system parameters

System parameters Physical values
System source-side V. 55V
f 50 Hz
Passive part L., 6 mH
Ces 70/140/190 uF
DC capacitor Cyci 5 mF
DC-link voltage levels Vactw Vel 10V
20V
30V

40V
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