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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,
SpringerBriefs in Electrical and Computer Engineering,
DOI: 10.1007/978-3-642-41323-0_1, � The Author(s) 2014
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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].

Table 1.1 Power electronics and motor applications

(a) Residential (e) Transportation
Refrigeration and freezes Traction control of electric vehicles
Space heating Battery charges for electric vehicles
Air conditioning Electric locomotives
Cooking Street cars, trolley buses
Lighting Subways
Electronics (personal computers, Automotive electronics including
Other entertainment equipments) engine controls
Elevators, escalators (f) Utility systems

(b) Commercial High-voltage dc transmission
Heating, ventilating, and air conditioning (HVDC)
Central refrigeration Static var compensation (SVC)
Lighting Supplemental energy sources
Computers and office equipment (wind, photovoltaic), fuel cells
Uninterruptible power supplies (UPS) Energy storage systems
Elevators, escalators Induced-draft fans

(c) Industrial Boiler feedwater pumps
Compressors (g) Custom power devices
Blowers and fans Active power filter (APF)
Machine tools (robots) Dynamic voltage restorer (DVR)
Arc furnaces, induction furnaces Unified power quality compensator
Lighting (UPQC)
Industrial lasers Static synchronous compensators
Induction heating (STATCOM)
Welding Uninterruptible power supply (UPS)
Elevators, escalators (h) Aerospace

(d) Telecommunications Space shuttle power supply systems
Battery chargers Satellite power systems
Power supplies (dc and UPS) Aircraft power systems
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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.

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

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

• IEC 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

1.1 Power Quality Issues 3



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

Table 1.2 Voltage harmonic distortion limits

Standard Bus voltage 69 kV and below

Individual voltage distortion (%) Total voltage harmonic distortion THDv (%)

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)

Nonlinear 
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Ic =wCV
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is v iL
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Fig. 1.1 Parallel capacitor
bank (CB)

Nonlinear 
Load

Passive Power Filter (PPF)
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...
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Fig. 1.2 Passive power filter
(PPF)
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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

Nonlinear 
Load

C

Inverter

*
Ci

Active Power Filter (APF)

is v iL

ic

Fig. 1.3 Active power filter
(APF)
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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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CT

iLvc v

Passive 
Power Filter 

(PPF)

Active Power 
Filter (APF)
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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 c HAPF topology 3 –APF in series with shunt PPF

6 1 Introduction



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

1.3 Development of Hybrid Active Power Filter 7



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
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Fig. 1.6 HAPF topology 2–shunt APF and shunt PPF presented by: a Khositkasame and
Sangwongwanich in 1997 [9], b Corasaniti et al. in 2009 [12] and c Chiang et al. in 2005 [11]
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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. 1.7c) 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; c; n. vsx is
the system voltage, vx is the load voltage, Ls is the system inductance normally
neglected due to its low value relatively, thus vsx � vx. isx, iLx and icx are the system,
load, and inverter current for each phase. Cc1 and Lc1 are the coupling capacitor and
inductor of the HAPF, in which Cc1 and Lc1 are designed based on the reactive power
consumption and the dominant harmonic current of the inductive loading as pre-
sented in Chap. 6. Cdc1, Vdc1U and Vdc1L are the dc capacitor, upper, and lower dc
capacitor voltages of the HAPF with Vdc1U ¼ Vdc1L ¼ 0:5 Vdc1. The dc-link midpoint
is assumed to be ground reference (g). From Fig. 1.8, the inverter line-to-ground
voltages vinvjx�g will be equal to the inverter line-to-neutral voltages vinvjx�n 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.
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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 VSI 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

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
Akagi
in 1991 [3]

Rivas et al. in
2003 [17]

Srianthumrong
and Akagi in 2003 [20]

Cost Highest High Lowest
Size and weight Bulky Bulky Lightest
Coupling transformer 3 3 0
AC inductor 12 9 3
AC capacitor 12 9 3
Resistor 3 0 0
Harmonic current compensation Best Good Medium
Dynamic reactive power

compensation
Not available Not available Not available
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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
reference) [19–24]

Direct current control
(current reference) [31]

Reference signal Voltage Current
Knowledge of system

parameters
Required Not required

Influence by the variations of
system parameters

More Less

Response time Slower Faster
Control scheme Feedback control/Feedback control

and Feedforward control
Feedback control
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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 Dicx between the reference compensating current
i�cx and the actual compensating current icx with a fixed hysteresis band H, the
subscript ‘x’ denotes phase a; b; c. The trigger signals will drive the switching
devices of the VSI in order to let icx tracks with its reference i�cx. A typical hysteresis
band PWM control block diagram is shown in Fig. 1.9. For the icx direction as shown
in Fig. 1.8, the hysteresis band PWM working principle is described as shown in
Fig. 1.10, in which T1x is ON and T2x is OFF when the compensating current error
Dicx is smaller than the hysteresis band�H Dicx\ � Hð Þ, and T1x is OFF and T2x is
ON when Dicx is larger than þH Dicx [ þ Hð Þ. If icx is within the band H, the
trigger signal will maintain until the next reverse operation. If the icx direction as
shown in Fig. 1.8 is in reverse, T1x is OFF and T2x is ON when Dicx\� H, and T1x is
ON and T2x is OFF when Dicx [ þ H.

1.4.2.2 Ramp Comparison PWM

The ramp comparison PWM is initially computing the current error signal Dicx by
subtracting the reference compensating current icx

� by the actual compensating
current icx, Dicx will be inputted into a proportional (P)/proportional and integral (PI)
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controller. Then its corresponding output will be compared with a fixed frequency
triangular carrier wave itri 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 icx direction as shown in Fig. 1.8, the ramp
comparison PWM working principle is described as shown in Fig. 1.12, in which T1x

is ON and T2x is OFF when Dicx is smaller than the triangular wave itri Dicx\itrið Þ,
and T1x is OFF and T2x is ON when Dicx is larger than itri Dicx [ itrið Þ. Similar to the
hysteresis band PWM control case, the reverse T1x and T2x results are obtained if the
icx 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.

1.4 Research Objectives 17



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.

Chapter 1

Introduction

Chi-Seng Lam ·Man-Chung Wong

Design and Control of

Hybrid Active Power 

Filters
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Fig. 1.13 Organization of the book
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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 pq 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,
SpringerBriefs in Electrical and Computer Engineering,
DOI: 10.1007/978-3-642-41323-0_2, � The Author(s) 2014
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2.2 HAPF Single-Phase Harmonic Circuit Model

Under opposite icx 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 ðicxh
� � icxhÞ � H, i.e., ðicxh

� � icxhÞ � 0, the inverter harmonic output
voltage vinvx1h can be expressed as:

vinvx1h ¼ 0:5Vdc1 ¼ K1 � ðicxh
� � icxhÞ; K1 [ 0 ð2:1Þ

when ðicxh
� � icxhÞ\ H, i.e., ðicxh

� � icxhÞ\ 0, vinvx1h can be expressed as:

vinvx1h ¼ �0:5Vdc1 ¼ K2 � ðicxh
� � icxhÞ; K2 [ 0 ð2:2Þ

where the subscript ‘x’ denotes phase x ¼ a; b; c and the subscript ‘h’
denotes the harmonic component, icxh

� represents the reference compensating
harmonic current while icxh represents the actual compensating harmonic current.
As K1 and K2 are both in positive, vinvx1h can be expressed into a general form as:

vinvx1h ¼ K � ðicxh
� � icxhÞ; K [ 0 ð2:3Þ

In ideal case, icxh
� should be equal to the load harmonic current iLxh, that is

icxh
� ¼ iLxh. As isxh þ icxh ¼ iLxh, the inverter harmonic output voltage can be

expressed as:

vinv1xh ¼ K � isxh; K [ 0 ð2:4Þ

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 ILxh and harmonic voltage source Vinvx1h

Vinv1xh ¼ K � Isxhð Þ. Vsxh and Vxh are the system and load harmonic voltages, Isxh, ILxh ,
and Icxh are the system, load, and inverter compensating harmonic currents. Zsh and
ZPPFh 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 ILxh or system harmonic voltage Vsxh component.

2.2.1 HAPF Single-Phase Harmonic Circuit Model Due
to ILxh Only

For the system voltage contains no harmonic components, that is Vsxh ¼ 0, the
HAPF single-phase harmonic circuit model due to load harmonic current ILxh is
shown in Fig. 2.2a. From Fig. 2.2a,

Isxh þ Icxh ¼ ILxh ð2:5Þ

K � Isxh ¼ IcxhZPPFh � IsxhZsh ð2:6Þ

24 2 Analysis of HAPF in Harmonic Resonances Prevention
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Fig. 2.1 HAPF single-phase harmonic circuit model
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Fig. 2.2 HAPF single-phase harmonic circuit model: a Vsxh = 0 and ILxh is considered only and
b a harmonic equivalent circuit model due to ILxh only
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Fig. 2.3 HAPF single-phase harmonic circuit model: a ILxh = 0 and Vsxh is considered only and
b a harmonic equivalent circuit model due to Vsxh only
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From (2.5) and (2.6), the harmonic currents flow into the power system Isxh and
the HAPF Icxh due to ILxh can only be expressed as:

Ksxh i ¼
Isxh

ILxh
¼ ZPPFh

K þ Zsh þ ZPPFh
ð2:7Þ

Kcxh i ¼
Icxh

ILxh
¼ K þ Zsh

K þ Zsh þ ZPPFh
ð2:8Þ

In a perfect HAPF compensation, Ksxh i ¼ 0 and Kcxh i ¼ 1 should be achieved
so that the load harmonic current flows into the HAPF Icxh ¼ ILxhð Þ and the power
system side does not contain any harmonic current Isxh ¼ 0ð Þ. To achieve this
objective, K should be very large. Figure 2.2b shows a harmonic equivalent circuit
model due to ILxh 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 Isxh can be significantly
reduced if K is significantly large.

2.2.2 HAPF Single-Phase Harmonic Circuit Model Due
to Vsxh Only

For the load current contains no harmonic components, that is ILxh ¼ 0, the HAPF
single-phase harmonic circuit model due to system harmonic voltage Vsxh is shown
in Fig. 2.3a. From Fig. 2.3a,

Isxh ¼ �Icxh ð2:9Þ

K � Isxh ¼ IcxhðZPPFh þ ZshÞ þ Vsxh ð2:10Þ

From (2.9) and (2.10), the harmonic currents flow into the power system Isxh

and the HAPF Icxh due to Vsxh can be expressed as:

Ksxh v ¼
Isxh

Vsxh
¼ 1

K þ Zsh þ ZPPFh
ð2:11Þ

Kcxh v ¼
Icxh

Vsxh
¼ � 1

K þ Zsh þ ZPPFh
ð2:12Þ

To lessen the effect of Vsxh to the harmonic current contents in the power system
and the HAPF, Ksxh v ¼ 0 and Kcxh v ¼ 0 should be achieved. To achieve this
objective, K should be very large. Figure 2.3b shows a harmonic equivalent circuit
model due to Vsxh 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 Vsxh 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 Isxh and the HAPF compensating harmonic current Icxh

due to Vsxh and ILxh can be expressed as:

Isxh ¼
1

K þ Zsh þ ZPPFh
Vsxh þ

ZPPFh

K þ Zsh þ ZPPFh
ILxh ð2:13Þ

Icxh ¼ �
1

K þ Zsh þ ZPPFh
Vsxh þ

K þ Zsh

K þ Zsh þ ZPPFh
ILxh ð2:14Þ

When only its pure PPF part is used, that is K ¼ 0 in (2.3) and (2.4), (2.13) and
(2.14) become:

Isxh ¼
1

Zsh þ ZPPFh
Vsxh þ

ZPPFh

Zsh þ ZPPFh
ILxh ð2:15Þ

Icxh ¼ �
1

Zsh þ ZPPFh
Vsxh þ

Zsh

Zsh þ ZPPFh
ILxh ð2:16Þ

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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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 Lc1 and capacitor Cc1 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 Dicx 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 VSI.

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 Ksxh i ¼ Isxh

ILxh
(2.7) with respect to different operating fre-

quency f and power system inductance Ls 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 ¼ 0 in (2.7), the harmonic current amplification phenomenon will
occur from the f range of 177–250 Hz with Ls 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 Ls increases from 1 to 5 mH, the parallel resonance between the PPF and

Table 2.1 HAPF simulated
system parameters for its
steady-state compensating
performance analysis

System parameters Values

vx (x = a, b, c), f 220 V, 50 Hz
Ls, Lc1, Cc1 1 mH, 5 mH, 80 lF
Vdc1U, Vdc1L 50 V
LNLx, CNLx, RNLx 30 mH, 200 lF, 26 X
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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 THDisx ¼ 54:5 %ð Þ and load voltage
THDvx ¼ 10:5 %ð Þ do not satisfy the international standards (THDisx

\ 20 % for
IEEE, THDisx

\16 % for IEC, THDvx\ 5 % for IEEE) [1–3]. Moreover, the
system neutral current isn 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 THDisx ¼ 5:6 %ð Þ and unity, and the THDvx 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, isn 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 Kcxh v ¼ Icxh

Vsxh
(2.12) with respect to different f and Ls when only PPF is employed
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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)
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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 Vsxh will
occur from f range of 177–250 Hz with the Ls range from 0.1 to 5 mH respectively.
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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 THDisx

(%)
isn

(A)
DPF THDisx

(%)
isn

(A)
DPF THDvx

(%)

Prevent parallel resonance PPF 22.0 5.84 0.845 54.5 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 [ 75.0 9.25 0.999 5.2
HAPF 30.0 8.56 0.838 8.5 1.17 1.000 4.6

Improve filtering
performances

PPF 30.0 8.10 0.838 37.0 9.30 1.000 2.1
HAPF 30.0 8.56 0.838 5.0 0.90 1.000 2.2

Enhance system robustness PPF 25.4 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
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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 Lc1 and capacitor Cc1 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
THDisx [ 75:0 %ð Þ and load voltage THDvx ¼ 5:2 %ð Þ do not satisfy the interna-

tional standards [1–3]. Moreover, isn 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 THDisx ¼ 8:5 %ð Þ and unity,
and the THDvx 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, isn

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. 2.6 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)
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2.3.3 HAPF Capability to Improve Filtering Performances

From Table 2.1, Fig. 2.8a shows a bode diagram of Ksxh i ¼ Isxh
ILxh

(2.7) with respect

to different K values due to the effect of ILxh. And Fig. 2.8b shows a bode diagram
of Ksxh v ¼ Isxh

Vsxh
(2.11) with respect to different K values due to the effect of Vsxh.

When only PPF is utilized, K = 0 in (2.7) and (2.11), the harmonic current
amplification phenomenon occurs at x ¼ 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 ILxh and Vsxh.

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 THDisx is obtained after PPF compensation, from 30.0 to 37.0 %,
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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
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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 THDvx of load
voltage after PPF compensation is 2.1 %, in which the compensation results are
summarized in Table 2.2. The THDisx after PPF compensation does not satisfy the
international standards [1, 2]. Moreover, isn 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 THDisx ¼ 5:0 %ð Þ and unity, and the THDvx 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, isn 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 ILxh, Fig. 2.10 shows a bode diagram of Ksxh i ¼ Isxh
ILxh

(2.7) with

respect to different Lsvalues 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 Ls value and vice versa, as shown in
Fig. 2.10a. Moreover, Ls value affects the system filtering performances. When the
HAPF is employed, the harmonic current amplification point disappears no matter
what the Ls 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. 2.8 Capability to improve the filtering performances of the PPF (K = 0, K = 25, K = 50)
due to: a ILxh and b Vsxh
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Due to the effect of Vsxh, Fig. 2.11 shows a bode diagram of Ksxh v ¼ Isxh
Vsxh

(2.11)

with respect to different Ls 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 Ls

value and vice versa, as shown in Fig. 2.11a. When the HAPF is employed, the
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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
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Fig. 2.10 Capability to enhance the system robustness due to ILxh: 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 Ls 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 Vsxh

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 Ls 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 Ls 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 THDisx is obtained after PPF
compensation, from 25.4 to 44.0 %. The increase of THDisx 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 THDisx after
PPF compensation because increasing Ls 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 THDvx of load voltage after PPF compensation is 5.5 %, in which the
compensation results are summarized in Table 2.2. Both THDisx and THDvx after
PPF compensation do not satisfy the international standards [1–3]. Moreover, isn

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 Ls 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
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Fig. 2.11 Capability to enhance the system robustness due to Vsxh: a when only PPF is utilized
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sinusoidal THDisx ¼ 5:2 %ð Þ and unity, and the THDvx 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, isn 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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Fig. 2.12 Simulation results for enhancing the system robustness: a when only PPF is utilized
and b HAPF is employed
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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,
SpringerBriefs in Electrical and Computer Engineering,
DOI: 10.1007/978-3-642-41323-0_3, � The Author(s) 2014
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advantages such as ease of implementation, fast dynamic response, current lim-
iting capability, etc.

In recent 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. vsx is the
system voltage, vx is the load voltage, and Ls is the system inductance normally
neglected due to its low value relatively, thus vsx � vx. isx, iLx; and icx are the
system, load, and inverter current for each phase. Cc1 and Lc1 are the coupling
capacitor and inductor of the HAPF, in which Cc1 and Lc1 are designed basing on
the reactive power consumption and the dominant harmonic current of the
inductive loading. Lc2 is the coupling inductor of the APF, in which Lc2 is designed
basing on the switching frequency, switching ripple, and dc-link voltage level
consideration. Cdc1, Vdc1U ; and Vdc1L are the dc capacitor, upper, and lower dc
capacitor voltages of the HAPF, while Cdc2, Vdc2U ; and Vdc2L are the dc capacitor,
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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 vinvjx�g will be equal to the inverter line-to-neutral voltages vinvjx�n

because the neutral point n is connected to the dc-link midpoint g, where subscript
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j ¼ 1 represents the HAPF and j ¼ 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 Sx for each inverter leg of the
HAPF and APF can be given as:

Sx ¼
1 when T1x is ON and T2x is OFF
�1 when T2x is ON and T1x is OFF

�
ð3:1Þ

For VdcjU ¼ VdcjL ¼ 0:5Vdcj, the output voltage for each inverter leg can be
expressed as:

vinvjx ¼ Sx � 0:5Vdcj ð3:2Þ

The inverter line-to-neutral voltage vinvjx�n can be expressed as:

vinvjx�n ¼ vinvjx � vn ¼ vinvjx ð3:3Þ

where the neutral line voltage vn ¼ 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 vinvjx for each leg is either equal to �0:5Vdcj or þ0:5Vdcj.

From Fig. 3.1, the relationship among the inverter current icx, load voltage vx,
coupling capacitor voltage vCc1x; and inverter line-to-neutral voltage vinv1x of the
HAPF is:

Lc1
dicxðtÞ

dt
¼ vinv1xðtÞ � vxðtÞ � vCc1xðtÞ ð3:4Þ

From (3.2), the modeling for each inverter leg of the HAPF can be expressed as:

Lc1
dicxðtÞ

dt
¼ Sx � 0:5Vdc1 � vxðtÞ � vCc1xðtÞ ð3:5Þ

Cc1
dvCc1xðtÞ

dt
¼ icxðtÞ ð3:6Þ

From Fig. 3.2, the relationship among the inverter current icx, load voltage vx;
and inverter line-to-neutral voltage vinv2x of the APF is:

Lc2
dicxðtÞ

dt
¼ vinv2xðtÞ � vxðtÞ ð3:7Þ
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From (3.2), the modeling for each inverter leg of the APF can be expressed as:

Lc2
dicxðtÞ

dt
¼ Sx � 0:5Vdc2 � vxðtÞ ð3:8Þ

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.

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 icx 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 icx is defined as
‘nonlinear’ if its slope polarity has interchanged from positive to negative or
vice versa before icx touches the top or bottom hysteresis band H (within each
switching on ton or off toff interval), as shown in Fig. 3.3a. i�cx is the reference
inverter current.

(2) Quasilinear region: The slope of the HAPF inverter current icx is defined as
‘quasi-linear’ if its slope polarity changes only when icx 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 e % ( dicx=dtj jerror [ e %), as shown in Fig. 3.3b. The current slope
error limit e can be determined in Appendix A.3.

(3) Linear region: The slope of the HAPF inverter current icx can be treated as
‘linear’ if its slope polarity changes only when icx 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 e % ( dicx=dtj jerror� e %), as shown in Fig. 3.3c.

In addition, these three operation regions are separated by two limits: quasi-
linear limit Tlimit and linear limit Tlinear, in which their values are determined based
on a constant reference inverter current i�cxassumption as given in Appendix A.3.
After that, the corresponding quasi-linear limit Hlimit and linear limit Hlinear 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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In practical case, as different loading situations may require different coupling
Cc1 and Lc1 values, thus yielding different Tlimit ðHlimitÞ and Tlinear ðHlinearÞ
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
for HAPF Inverter Current Slope Linearization
Analysis

Under constant reference inverter current i�cx assumption, Fig. 3.4a and b illustrate
the HAPF and APF single-phase inverter current slope linearization study models
for upper switch T1x at different switching on interval (t ¼ ton), in which the upper
switch is an IGBT. E1 and E2 represent the instantaneous peak voltage difference
between the inverter output voltage and load voltage. Reversing the polarity of E1

and E2 will yield their models for lower switch T2x ðt ¼ toffÞ. As the only dif-
ference between upper and lower switches is the opposite current polarity, the
results for T2x will not be included. In short, E1 and E2 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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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 E1 and E2 values do not affect the
determination results of the quasi-linear limit and linear limit, E1 and E2 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: Tlimit ¼ 1;000 ls and Tlinear ¼ 200 ls; 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 ic1 and ic2 for their single-phase models at different
switching on interval.

In order to satisfy the linear region definition dicx=dtj jerror� 5 % (Appendix
A.3–A.4), the slope error of HAPF inverter current ic1 compared with the APF one
ic2 should be less than 5 %. From Fig. 3.5a, when ton [ 1;000 ls, which is larger
than the quasi-linear limit (Tlimit ¼ 1; 000 ls), the rising slope of ic1 as in Fig. 3.5a
is nonlinear compared with that of ic2 as shown in Fig. 3.6a. However, even when
ton ¼ 1;000 ls and ton ¼ 500 ls 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 ton ¼ 200 ls, which satisfies the linear limit (Tlinear ¼ 200 ls), the current
slope error decreases to 1.5 % (within the linear region definition
dicx=dtj jerror� 5 %), ic1 in Fig. 3.5d is approximately the same as ic2 in Fig. 3.6d.

The experimental current ic1 and ic2 for their single-phase models at different
switching on interval (t ¼ ton) 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 ton [ 1;000 ls, the rising slope of ic1 as shown in Fig. 3.7a

ic1

Cc1 Lc1

E1 T1x

Lc2

E2

ic2

T1x

(a) (b)

Fig. 3.4 Single-phase model for upper switch T1x at different ton interval: a HAPF and b APF

Table 3.1 System
parameters of HAPF and APF
single-phase models

System parameters Physical values

Lc1, Lc2 6 mH
Cc1 70 lF
E1, E2 20 V (dc)

3.3 Hysteresis PWM Control for HAPF 45



0.099 0.100 

-8.0 

Ic1

0.101 0.102 0.103 0.104

Time (s)

In
ve

rt
er

 C
u

rr
en

t 
Ic

1 
(A

)
In

ve
rt

er
 C

u
rr

en
t 

Ic
1 

(A
)

In
ve

rt
er

 C
u

rr
en

t 
Ic

1 
(A

)
In

ve
rt

er
 C

u
rr

en
t 

Ic
1 

(A
)

8.0

4.0

0.0

-4.0

2.16A

(a) 

-5.0 

-2.5 

0.0 

2.5 

5.0 

Ic1

Ic1

Ic1

0.099 0.100 0.101 0.102 0.103 0.104

Time (s)

2.16A

(b) 

0.0 

0.099 0.100 0.101 0.102 0.103 0.104

Time (s)

3.0

1.5

-3.0

-1.5

1.52A

(c) 

0.099 0.100 0.101 0.102 0.103 0.104

Time (s)

1.0

0.5

0.0

-1.0

-0.5

0.66A

(d) 

Fig. 3.5 Simulated ic1 of HAPF single-phase model at different ton interval and E1 ¼ 20 V:
a ton = 2,000 ls (Nonlinear), b ton = 1,000 ls (Quasi-linear), c ton = 500 ls (Quasi-linear), and
d ton = 200 ls (Linear)
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Fig. 3.7 Experimental ic1 of
HAPF single-phase model at
different ton interval and
E1 = 20 V: a ton = 2,000 ls
(Nonlinear), b ton = 1,000 ls
(Quasi-linear), c ton = 500 ls
(Quasi-linear), and
d ton = 200 ls (Linear)
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Fig. 3.8 Experimental ic2 of
APF single-phase model at
different ton interval and
E2 = 20 V: a ton = 2,000 ls
(Linear), b ton = 1,000 ls
(Linear), c ton = 500 ls
(Linear), and d ton = 200 ls
(Linear)
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is nonlinear compared with that of ic2 as shown in Fig. 3.8a. Even when
ton ¼ 1;000 ls and ton ¼ 500 ls satisfy the quasi-linear limit (Tlimit ¼ 1;000 ls), 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 ton ¼ 200 ls, which satisfies
the linear limit (Tlinear ¼ 200 ls), the current slope error decreases to 4.6 % (within
the linear region definition), ic1 in Fig. 3.7d is approximately the same as ic2 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 Tlimit

and Linear Limit Tlinear

In summary, the quasi-linear limit Tlimit, linear limit Tlinear; and their corresponding
hysteresis bands (Hlimit, Hlinear) for the HAPF can be determined in the following
steps:

(1) Input system parameters Lc1 and Cc1, by setting A ¼ cos xrt ¼ 0, Tlimit is the
minimum value among all t values when A ¼ 0(excluding t ¼ 0), where
xr ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Lc1Cc1
p

. Hlimit can then be obtained by (A.19) in Appendix A.4.
(2) Finding Tlinear value by setting dicx

dt

�� ��
error
¼ 1� cos xrtj j ¼ e %(A.16), e is set to

5 % in this work (Appendix A.3). Hlinear 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 i�cx assumption (Appendix A.3), which yields a fixed
switching frequency as verified by (A.19) and illustrated in Fig. 3.9a. However, i�cx

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
icx keeps the same as Fig. 3.9a, it is obvious that ton1, ton2 [ Tlinear; and toff1,
toff2\Tlinear due to the variation of reference inverter current i�cx. In addition, when
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the slope of icx is the same polarity as the reference i�cx, ton1, ton2 [ Tlinear and vice
versa. Owing to Hlinear is set under a small slope error of e ¼ 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 Hlimit

or linear limit Hlinear, it is possible to keep the HAPF operates in quasi-linear
region or linear region.

3.4.1 Determination of Final Sampling Time Tfinal

and Hysteresis Band Hfinal

The final sampling time Tfinal and hysteresis band Hfinal for the HAPF can be
determined in the following steps:

(1) For the fastest sampling time by AD converter is Tfastest, the final sampling
time Tfinal can be chosen as: Tfastest� Tfinal� Tlinear.

(2) For the switching frequency limitation of the switching devices is fswlimitðSDÞ,
the hysteresis band HswlimitðSDÞ based on fswlimitðSDÞ can be obtained via (A.19).
Then the final hysteresis band can be chosen as HswlimitðSDÞ �Hfinal�Hlinear 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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Tlinear

fsw under Hlinear is fixed

icx Hlinear

Hlinear

Tlinear Tlinear Tlinear
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Fig. 3.9 Hysteresis PWM control under Hlinear based on: a previous constant icx
* assumption

and b inconstant icx
* consideration
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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 ls (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 fswlimitðSDÞ is 20 kHz and the corresponding
HswlimitðSDÞ ¼ 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 Tlimit ¼ 1;000 ls (Hlimit ¼ 1:25A)
and Tlinear ¼ 200 ls (Hlinear ¼ 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 Dicx 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�cx, and Fig. 3.10b–d
depict the simulated inverter current icx 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 Tlimit ¼ 1;000 ls (Hlimit ¼ 1:25A), the hysteresis band
H ¼ 1:25A will keep the HAPF operating at nonlinear region The polarity of
the inverter current slope has interchanging before icx touches the band H at

Table 3.2 HAPF simulated
and experimental system
parameters for power quality
compensation

System parameters Physical values

vx (x = a,b,c), f 55 V, 50 Hz
Ls 0.5 mH
Lc1, Cc1 6 mH, 70 lF
Cdc1 5 mF
Vdc1U, Vdc1L 30 V
LNL1x, CNL1x, RNL1x 30 mH, 202 lF, 25 X

52 3 Nonlinearity and Linearization of Hysteresis



R
ef

er
en

ce
 In

ve
rt

er
 

C
u

rr
en

t 
(A

)

4.0

2.0

0.0

-4.0

-2.0

4.0

2.0

0.0

-4.0

-2.0

4.0

2.0

0.0

-4.0

-2.0

4.0

2.0

0.0

-4.0

-2.0

(a)

0 10ms 20ms 30ms 40ms 50ms

Time (s)

0 10ms 20ms 30ms 40ms 50ms

Time (s)

0 10ms 20ms 30ms 40ms 50ms

Time (s)

0 10ms 20ms 30ms 40ms 50ms

Time (s)

In
ve

rt
er

 C
u

rr
en

t 
(A

)

(b)

In
ve

rt
er

 C
u

rr
en

t 
(A

)

(c)

In
ve

rt
er

 C
u

rr
en

t 
(A

)

(d)

*Ica

Ica +H -H

Ica +H -H

Ica +H -H

Fig. 3.10 Simulated icx
* and icx for HAPF at different operation regions: a reference inverter

current icx*, b nonlinear region (H = 1.25A), c quasi-linear region (H = 0.50A), and d linear
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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 icx deteriorates the com-
pensation results (THDisx

¼ 31:2 %, THDVx ¼ 7:2 %, root mean square (RMS)
of the system neutral current isn ¼ 1:40A) by generating unexpected trigger
signals to the switching devices. Moreover, both compensated THDisx

and
THDVx do not satisfy the international standards (THDisx

\20 % for IEEE,
THDisx

\16 % for IEC, THDvx\5 % for IEEE) [13–15]. From Table 3.3, the
system average operating switching frequency is 0.6 kHz.

(2) Quasi-linear region: Setting the band H ¼ 0:50A can keep the HAPF oper-
ating at quasi-linear region. The polarity of the inverter current slope changes
only when icx touches the band H, as shown in Fig. 3.10c. The system DPF has
been compensated into unity and isn ¼ 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 THDisx ¼ 17:3 % and THDVx ¼ 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.

(3) Linear region: As Tlinear ¼ 200 ls (Hlinear ¼ 0:25A) and HswlimitðSDÞ ¼ 0:0625A,
the hysteresis band H ¼ 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 ¼ 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 (THDisx ¼ 6:2 %), less
(0.32A), unity and THDVx ¼ 2:8 %, in which all the results satisfy the

Table 3.3 Simulation results for hysteresis PWM-controlled HAPF before and after compensation
at different operation regions

HAPF with Vdc1U, Vdc1L = 30 V, Cc1 = 70 lF,
Lc1 = 6 mH

Before
comp.

After comp.

(a) H = 1.25A
(Nonlinear)

(b) H = 0.50A
(Quasi-linear)

(c) H = 0.156A
(Linear)

RMS of system current isx (A) 2.67 2.36 2.17 2.12
System displacement power
factor (DPF)

0.83 1.00 1.00 1.00

Total harmonic distortion of
system current THDisx (%)

28.0 31.2 17.3 6.2

Total harmonic distortion of
load voltage THDVx (%)

2.1 7.2 6.6 2.8

RMS of system neutral current
isn (A)

2.18 1.40 0.68 0.32

Average operating switching
frequency fsw (Hz)

– 0.6 k 1.7 k 5.1 k
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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�cx in DSP, and
Fig. 3.11b–d depict the experimental inverter current icx 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 Tlimit ¼ 1;000 ls (Hlimit ¼ 1:25A), the hysteresis band
H ¼ 1:25A will keep the HAPF operating at nonlinear region. The polarity of
the inverter current slope has interchanging before icx 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 icx

deteriorates the compensation results (THDisx ¼ 27:3 %, THDVx ¼ 5:6 % for the
worst phase, isn ¼ 1:46A) by generating unexpected trigger signals to the
switching devices. Moreover, both compensated THDisx and THDVx 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 ¼ 0:50A can keep the HAPF operating
at quasi-linear region. The polarity of the inverter current slope changes only
when icx 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
(THDisx ¼ 16:4% and THDVx ¼ 4:3% for the worst phase, isn ¼ 0:98A) as
shown in Table 3.4, and the compensated THDisx 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 Tlinear ¼ 200 ls (Hlinear ¼ 0:25A) and HswlimitðSDÞ ¼ 0:0625 A,
the hysteresis band H ¼ 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 ¼ 0:156 A yields the best compensation performance among the three oper-
ation regions. The system DPF has been compensated close to unity, THDisx ¼
9:8 % and THDVx ¼ 3:0 % for the worst phase, isn ¼ 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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* and icx for HAPF at different operation regions: a reference inverter
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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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operating at linear operation region, the compensated THDisx and THDVx can satisfy
the international standards [13–15].

Figure 3.13 depicts the experimental three-phase system current isx 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 Cc1 and Lc1 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

Table 3.4 Experimental results for hysteresis PWM controlled HAPF before and after
compensation at different operation regions

HAPF with Vdc1U, Vdc1L = 30 V, Cc1 = 70 lF, Lc1 = 6 mH

Before
comp.

After comp.

(a) H = 1.25A
(Nonlinear)

(b) H = 0.50A
(Quasi-linear)

(c) H = 0.156A
(Linear)

RMS of system current isx (A) A 2.42 2.21 2.13 2.10
B 2.42 2.20 2.14 2.11
C 2.35 2.07 1.96 1.94

System displacement power
factor (DPF)

A 0.86 1.00 1.00 1.00
B 0.89 1.00 1.00 1.00
C 0.86 1.00 1.00 1.00

Total harmonic distortion of
system current THDisx (%)

A 23.2 27.3 16.1 9.5
B 22.4 25.9 16.4 9.2
C 23.4 26.2 16.0 9.8

Total harmonic distortion of
load voltage THDVx (%)

A 2.5 5.6 4.3 2.8
B 2.4 5.2 4.2 3.0
C 2.5 5.1 4.2 2.9

RMS of system neutral current isn (A) N 1.57 1.46 0.98 0.64
Average operating switching
frequency fsw (Hz)

A – 0.5 k 1.1 k 3.1 k
B
C
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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

C.-S. Lam and M.-C. Wong, Design and Control of Hybrid Active Power Filters,
SpringerBriefs in Electrical and Computer Engineering,
DOI: 10.1007/978-3-642-41323-0_4, � The Author(s) 2014
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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, vsx and vx are assumed to be pure sinusoidal without harmonic
components (i.e., ~Vx ¼ ~Vxf ¼ ~Vx

�� �� ¼ Vx). From Fig. 4.1, the inverter fundamental

voltage phasor ~Vinv1xf
can be expressed as

~Vinv1xf
¼ ~Vx �~ZPPFf �~Icxf ð4:1Þ
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Here, ~ZPPFf is the fundamental impedance of the coupling passive part, the

fundamental compensating current phasor ~Icxf of the HAPF can be expressed as
~Icxf ¼ Icxfp þ jIcxfq , where the subscripts ‘p’ and ‘q’ denote the active and reactive
components. Icxfp is the fundamental active current for compensating loss and
dc-link voltage control while Icxfq is the fundamental reactive current for com-
pensating reactive power of the loading. Simplifying (4.1) yields,

~Vinv1xf
¼ Vinv1xfp þ jVinv1xfq ð4:2Þ

where

Vinv1xfp ¼ ~Vx þ Icxfq XPPFf

Vinv1xfq ¼ �Icxfp XPPFf

ð4:3Þ

XPPFf is the fundamental reactance of the coupling passive part. From (4.3), the
fundamental compensating active current Icxfp and reactive current Icxfq are

Icxfp ¼ �
Vinv1xfq

XPPFf

ð4:4Þ

Icxfq ¼
Vinv1xfp � Vx

XPPFf

ð4:5Þ

As the HAPF aims to compensate fundamental reactive power, the steady-state
active fundamental current Icxfp from the inverter is small Icxfp � 0

ffi �
provided that

the dc-link voltage control is implemented. Thus, Vinv1xfq � 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 Vdc1U ¼Vdc1L ¼ 0:5 Vdc1 and modulation index
m is assumed as m � 1, RVdc represents the ratio between the dc-link voltage Vdc1U ,
Vdc1L and load voltage Vx reference to neutral n, which can be expressed as

RVdc
¼ �Vinv1xf

Vx
¼ �0:5 Vdc1=

ffiffiffi
2
p

Vx
¼ � Vdc1

2
ffiffiffi
2
p

Vx

ð4:6Þ

Vxf

Isxf

x=a,b,c

ILxf

Icxf

Vinv1xf

ZPPFf

Fig. 4.1 HAPF single-phase
fundamental equivalent
circuit model
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where Vinv1xf is the inverter fundamental RMS voltage.
For the HAPF system, the coupling passive part is composed of a series con-

nection of an inductor Lc1ð Þ and a capacitor Cc1ð Þ, and Cc1 dominates the passive
part at fundamental frequency. However, if the coupling passive part is replaced by
a pure inductor Lc2ð Þ, the original HAPF system will become an APF. With the
effect of dc-link voltage control being neglected Icxfp ¼ 0

ffi �
at steady-state,

substituting XPPFf ¼ XLc2f for APF and XPPFf ¼ �jXCc1f � XLc1f j for HAPF, their
corresponding fundamental reactive power injection range Qcxf per square of the

load voltage level V2
x with respect to different RVdc

can be shown in Fig. 4.2.
Since Qcxf should be negative for inductive loading compensation, from

Fig. 4.2, the ratio RVdc
for APF must be at least[1, while the ratio RVdc

for HAPF
is possible to be smaller than 1 within a specific operational range. This means that
the required dc-link voltage Vdc2U , Vdc2U for APF as shown in Fig. 3.2 must be
larger than the peak of load voltage Vx regardless of the coupling inductance Lc2,
while the required dc-link voltage Vdc1U , Vdc1U for HAPF can be smaller than the
peak of Vx within that operational range. When RVdc

¼ 0, it means that both the
APF and HAPF are operating at pure passive filter mode, in which the APF at
RVdc
¼ 0 cannot support inductive loading compensation while the HAPF can

support a fixed Qcxf . Moreover, this fixed Qcxf 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 Cc1

or inductor Lc1 of the HAPF increases, the upper limit of jQcxf j for inductive
loading compensation region increases, however, the lower limit of jQcxf j 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 dc-link voltage under Icxfp ¼ 0 assumption will be given. After
that, the required minimum dc-link voltage with respect to different loading
reactive power can be deduced.

Fig. 4.2 Qcxf per Vx
2 with respect to different RVdc 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 Icxfp is very

small Icxfp � 0
ffi �

at steady state, the inverter injects pure reactive fundamental current
~Icxf ¼ jIcxfq . Therefore, the ~Vinv1xf

in (4.2) contains pure active part as Vinv1xfp ¼
Vx � Icxfq XCc1f � XLc1f

ffi �
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 Vinv1xf dc

¼
0:5 Vdc1=

ffiffiffi
2
pffi �

represent the HAPF fundamental compensation range and maximum

compensation limit under a fixed dc-link voltage. ~VPPFxf
is the fundamental voltage

phasor of the coupling passive part.~ILxf
is the fundamental load current phasor, where

ILxfp and ILxfq are the fundamental load active and reactive current.
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Fig. 4.3 HAPF single-phase fundamental phasor diagram under inductive loading during, a full-
compensation, b under-compensation, and c 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 ~Vinv1xf

is located inside the white semi-circle area, the

HAPF is absorbing active power, on the other hand, the HAPF is injecting active
power when ~Vinv1xf

is located inside the shaded semi-circle area. When ~Vinv1xf
is

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 QLxf is full-compensation by coupling passive

part QLxf ¼ Qcxf PPF

�� ��ffi �
as shown in Fig. 4.3a, the inverter does not need operation

and output voltage Vinv1xfp ¼ 0
ffi �

. Thus, the switching loss and switching noise will
be minimized in this situation. The HAPF compensating reactive power Qcxf is
equal to the reactive power provided by the passive part Qcxf PPF

:

Qcxf ¼ Qcxf PPF
¼ � V2

x

XCc1f � XLc1f

�� ��\0 ð4:7Þ

where Qcxf PPF
\0 means injecting reactive power or providing leading reactive

power.

4.3.2 Under-Compensation by Coupling Passive Part

When the loading reactive power QLxf is under-compensated by coupling passive

part (QLxf [ Qcxf PPF

�� ��) as shown in Fig. 4.3b, in order to generate a larger Icxfq , the
inverter should output a negative inverter fundamental active voltage (Vinv1xfp

\0)

as indicated by (4.5). With a fixed Vdc1, the HAPF maximum compensating
reactive power limit Qcxf max

can be deduced through the under-compensation by
coupling passive part case, which can be expressed as

Qcxf max
¼ � V2

x 1þ RVdc
j jð Þ

XCc1f � XLc1f

�� �� ¼ Qcxf PPF
1þ RVdc
j jð Þ\0 ð4:8Þ

4.3.3 Over-Compensation by Coupling Passive Part

When the loading reactive power QLxf is over-compensated by coupling passive

part (QLxf \ Qcxf PPF

�� ��) as shown in Fig. 4.3c, in order to generate a smaller Icxfq ,
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the inverter should output a positive inverter fundamental active voltage
(Vinv1xfp

[ 0) as indicated by (4.5). With a fixed Vdc1, the HAPF minimum com-

pensating reactive power limit Qcxf min
can be deduced through the over-com-

pensation by coupling passive part case, which can be expressed as

Qcxf min
¼ � V2

x 1� RVdc
j jð Þ

XCc1f � XLc1f

�� �� ¼ Qcxf PPF
ð1� RVdc

j jÞ\0 ð4:9Þ

From (4.8) and (4.9), the larger the dc-link voltage Vdc1 or ratio RVdc
, 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 QLxf is outside the HAPF compensation range. When Vdc1 is
designed, the HAPF reactive power compensating range for loading QLxf can be
expressed as

Qcxf min

�� ���QLxf � Qcxf max

�� �� ð4:10Þ

Table 4.1 summarizes the HAPF reactive power compensating range deduction
steps under a fixed dc-link voltage Vdc1U ¼Vdc1L ¼ 0:5 Vdc1. When QLxf is perfectly
compensated by the coupling passive part, the minimum dc-link voltage require-
ment (Vdc1U ¼Vdc1L ¼ 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 Vdc1 minx in each phase can be found by setting
QLxf � Qcxf min

�� ��� Qcxf max

�� �� in (4.10),

Vdc1 minx ¼ 2
ffiffiffi
2
p

Vx 1�
QLxf

Qcxf PPF

�� ��
�����

����� ð4:11Þ

in which (4.11) can be applied for the adaptive dc-link voltage control algorithm.
Once the QLxf is calculated, the corresponding Vdc1 minx in each phase can be

Table 4.1 HAPF reactive power compensation range deduction steps under a fixed dc-link
voltage Vdc1U ¼ Vdc1L ¼ 0:5 Vdc1

1 With a fixed dc-link voltage Vdc1U ¼ Vdc1L ¼ 0:5 Vdc1:

Qcxf PPF
¼ � V2

x

XCc1f
�XLc1f

�� ��\0 (4.7)

Qcxf max
¼ Qcxf PPF 1þ RVdcj jð Þ\0 (4.8)

Qcxf min
¼ Qcxf PPF 1� RVdcj jð Þ\0 (4.9)

Where RVdc
j j ¼ Vdc1

2
ffiffi
2
p

Vx

��� ��� (4.6)

2 HAPF reactive power compensating range for loading
QLxf :

Qcxf min

�� ���QLxf � Qcxf max

�� �� (4.10)
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obtained. Then the final three-phase required minimum dc-link voltage Vdc1 min

can be chosen as follows:

Vdc1 min ¼ max Vdc1 mina;Vdc1 minb;Vdc1 mincð Þ ð4:12Þ

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 (icx q, the subscript x ¼ a; b; c for three phases) are
determined by the three-phase instantaneous pq theory as discussed in Appendix
A.1. Actually, icx q can also be determined by the single-phase instantaneous pq
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 Vdc1 min, (ii) determination of final reference
dc-link voltage level V�dc1, 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 qLxf (x ¼ a; b; c) are
calculated by using single-phase instantaneous pq theory as discussed in
Appendix A.2 and low-pass filters. Usually, �qLxf=2 can keep as a constant value
for more than one cycle, thus QLxf can be approximately treated as
QLxf � �qLxf =2. Then the required minimum dc-link voltage Vdc1 minx for
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compensating each phase QLxf

ffi �
can then be calculated by using (4.11), where Vx

is the RMS load voltage and Qcxf PPF
can be obtained according to (4.7). The

adaptive minimum dc-link voltage will be equal to Vdc1 min, which can be
determined by (4.12). During balanced loading case, the three-phase fundamental
reactive power consumptions are the same QLaf ¼ QLbf ¼ QLcf

ffi �
; therefore,

Vdc1 min ¼ Vdc1 mina ¼ Vdc1 minb ¼ Vdc1 minc. In order to implement the adap-
tive dc-link voltage control function for the three-phase four-wire HAPF, Vdc1 min

can be simply treated as the final reference dc-link voltage Vdc1
�. It is obvious that

when the loading reactive power consumption QLxf

ffi �
is changing, the system will

adaptively yield different Vdc1 minx and Vdc1 min values.
2. Determination of Final Reference DC-Link Voltage Level. However, this

adaptive control scheme may frequently change the dc voltage reference V�dc1 in
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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
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practical situations, as the loading is randomly determined by electric users
(different QLxf ). 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 V�dc1 is classified into certain levels (Vdca, Vdcb, …Vdc max,
Vdca\Vdcb. . .\Vdc max) for selection, so that V�dc1can be maintained as a con-
stant value within a specific compensation range. From Fig. 4.4, when the input
Vdc1 min is less than the lowest dc voltage level Vdca, the final reference dc-link
voltage will be V�dc1 ¼ Vdca. If not, repeat the steps until Vdc1 min is found to be
less than a dc-link voltage level. However, if Vdc1 min is greater than the
maximum voltage level Vdc max, the final reference dc-link voltage will be
Vdc1

� ¼ Vdc max. 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 (Qdc, Pdc) [13, 14]:

Qdc ¼ �Kq � Vdc1� � Vdc1ð Þ ð4:13Þ

Pdc ¼ Kp � Vdc1� � Vdc1ð Þ ð4:14Þ

where Qdc aims to change the dc-link voltage level due to adaptive dc voltage
control and start-up dc-link self-charging function, while Pdc aims to maintain the
dc-link voltage due to the system loss. Kq and Kp 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 pq theory as discussed in
Appendix A.1, (4.13) and (4.14), the three-phase dc voltage control reference
compensating currents in a-b-0 coordinates can be calculated as below:

ic0 dc

ica dc

icb dc

2
4

3
5 ¼ 1

v0v2
ab

v2
ab 0 0
0 v0va �v0vb

0 v0vb v0va

2
4

3
5 0

Pdc

Qdc

2
4

3
5 ð4:15Þ

where va, vb and v0 are the load voltages on the a-b-0 coordinate after the Clarke
transformation in Appendix A.1, and vab2 ¼ v2

a þ v2
b. By the inverse matrix of

Clarke transformation in a-b-0 coordinates, the dc-link voltage Vdc1 can trend its
reference V�dc1 by changing the dc voltage reference compensating currents
(icx dc).
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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�cx can be obtained by summing up the icx q

and icx dc. Then the final reference and actual compensating currents i�cx and icx

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 Vdc1U

and Vdc1L 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, Lc1 = 6 mH, Cc1 = 140 lF, the passive
part supports a fixed reactive power of Qcxf PPF

= -145.1 var. For (b) over-
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compensation case, Lc1 = 6 mH, Cc1 = 190 lF, the passive part supports a fixed
Qcxf PPF

= -203.5 var. The Lc1 is designed based on the switching frequency with
switching ripple less than 0.5 A under a maximum dc-link voltage of Vdc1U ,
Vdc1L = 40 V consideration. Then the two Cc1 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 ftri = 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
Vdc1U and Vdc1L is small (Vdc1U � Vdc1L ) 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 Vdc1

� can be classified into certain levels for selection, in which Vdc1
� is set

to have four levels (Vdc1U , Vdc1L = 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 55 V, 1.65 kVA three-phase four-wire HAPF

Table 4.2 HAPF system parameters for simulations and experiments

System parameters Physical values

Vx, f
Ls

55 V, 50 Hz
0.5 mH

(a) Under-compensation:
Lc1 = 6 mH, Cc1 = 140 lF
Qcxf_PPF = -145.1 var

Resistor RLL1x and inductor LLL1x

for 1st inductive loading
10 X, 30 mH

Resistor RLL2x and inductor LLL2x

for 2nd inductive loading
22 X, 30 mH

(b) Over-compensation:
Lc1 = 6 mH, Cc1 = 190 lF
Qcxf_PPF = -203.5 var

Resistor RLL1x and inductor LLL1x

for 1st inductive loading
10 X, 30 mH

Resistor RLL2x and inductor LLL2x

for 2nd inductive loading
22 X, 30 mH
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Fig. 4.5 QLxf for both under-compensation and over-compensation by coupling passive part
cases a simulated QLxf and b experimental QLxf
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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 ls (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.5. 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 QLxf . When the 1st inductive loading is connected, the three-phase simulated
QLxf are 150.4 var with displacement power factor (DPF) = 0.729, while the
three-phase experimental QLxf 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 QLxf increase to 200.0 var with
DPF = 0.810, while the three-phase experimental QLxf 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 (Vdc1U , Vdc1L = 10 V, 20 V,
30 V, and 40 V) for both simulations and experiments, from Table 4.3, the HAPF
required minimum dc-link voltage level will be Vdc1U , Vdc1L = 10 V or Vdc1U ,
Vdc1L = 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 Vdc1U , Vdc1L = 30 V or Vdc1U ,
Vdc1L = 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 (Lc1 5 6 mH, Cc1 5 140 lF)

From Table 4.3, the required minimum dc-link voltage level for the HAPF is
Vdc1U , Vdc1L = 10 V for the 1st loading and Vdc1U , Vdc1L = 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 Vdc1U , Vdc1L = 30 V
case. For the simulated and experimental QLxf 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 (Vdc1U , Vdc1L ) 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 Qsxf 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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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
1st 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 QLxf , the three-phase simulated Qsxf (5.0 var or 22.0 var)
and experimental Qsxf (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 1st and 2nd
loadings are connected. These can be verified by showing three-phase simulated
and experimental DPF = 0.990 or above and THDisx are within 3.0 % and 5.0 %
respectively. Moreover, the simulated and experimental isx 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
(Lc1 5 6 mH, Cc1 5 190 lF)

From Table 4.3, the required minimum dc-link voltage level for the HAPF is
Vdc1U , Vdc1L = 30 V for the 1st loading and Vdc1U , Vdc1L = 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 Vdc1U , Vdc1L = 30 V
case. For the simulated and experimental QLxf 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 (Vdc1U , Vdc1L ) can be adaptively changed

Table 4.3 HAPF simulated and experimental minimum dc-link voltage level with respect to QLxf

within Vdc1U ¼ Vdc1L ¼ 10 V; 20 V; 30 V and 40 V
Reactive power by
coupling passive
part Qcxf_PPF

Simulated and experimental QLxf for
three phases (var)

Required
Vdc1_min/2

Minimum
Level
Vdc1U ¼ Vdc1L

(a) Under-compensation:
Lc1 = 6 mH,
Cc1 = 140 lF
Qcxf_PPF = -145.1 var

1st loading Simulated 150.4, 150.4, 150.4 2.9 V 10 V
Experimental 148.5, 146.4, 145.1 1.8 V 10 V

1st and 2nd
loadings

Simulated 200.0, 200.0, 200.0 29.5 V 30 V
Experimental 188.7, 184.5, 183.6 23.4 V 30 V

(b) Over-compensation:
Lc1 = 6 mH,
Cc1 = 190 lF
Qcxf_PPF = -203.5 var

1st loading Simulated 150.4, 150.4, 150.4 20.3 V 30 V
Experimental 148.5, 146.4, 145.1 22.3 V 30 V

1st and 2nd
loadings

Simulated 200.0, 200.0, 200.0 1.4 V 10 V
Experimental 188.7, 184.5, 183.6 7.6 V 10 V
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Fig. 4.6 HAPF simulated
dynamic process during
under-compensation by
coupling passive part
a adaptive Vdc1U ¼ Vdc1L ,
b Qsxf of phase b, c DPF of
phase b before and after
HAPF starts operation and
d DPF of phase b before and
after the 2nd loading is
connected
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according to different reactive power consumption of the loading. From Figs. 4.8b
and 4.9b, the simulated and experimental Qsxf of phase b can be compensated close
to zero when the 1st loading or both 1st and 2nd loadings are connected.

(a)

(b)

(c)

(d)

Fig. 4.7 HAPF experimental
dynamic process during
under-compensation by
coupling passive part,
a adaptive Vdc1U ¼ Vdc1L ,
b Qsxf of phase b, c DPF of
phase b before and after
HAPF starts operation and
d DPF of phase b before and
after the 2nd loading is
connected
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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 QLxf , the three-phase simulated Qsxf (-10.8 var or 3.2 var)
and experimental Qsxf (-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 1st 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 THDisx 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.

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, Lc1 = 6 mH,
Cc1 = 140 lF)

Before compensation After compensation

Different cases QLxf (var) DPF isx (A) Qsxf (var) DPF isx(A) THDisx (%)

1st inductive loading 150.4 0.729 4.01 5.0 1.000 2.95 2.4
1st and 2nd inductive loading 200.0 0.810 6.25 22.0 0.997 5.04 2.8

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, Lc1 = 6 mH,
Cc1 = 140 lF)

Before compensation After compensation

Different cases QLxf

(var)
DPF isx (A) Qsxf

(var)
DPF isx (A) THDisx

(%)

1st inductive loading A 148.5 0.763 4.06 0.8 0.999 3.04 3.4
B 146.4 0.742 3.90 -1.5 0.999 3.05 4.9
C 145.1 0.746 4.01 3.5 0.999 3.02 4.7

1st and 2nd inductive loading A 188.7 0.805 6.03 25.2 0.990 4.97 3.3
B 184.5 0.815 5.87 15.3 0.993 4.96 4.1
C 183.6 0.822 5.94 22.2 0.991 4.90 4.7
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Fig. 4.8 HAPF simulated
dynamic process during over-
compensation by coupling
passive part, a adaptive
Vdc1U ¼ Vdc1L , b Qsxf of phase
b, c DPF of phase b before
and after HAPF starts
operation and d DPF of phase
b before and after the 2nd
loading is connected
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(a)

(b)

(c)

(d)

Fig. 4.9 HAPF experimental
dynamic process during over-
compensation by coupling
passive part, a adaptive
Vdc1U ¼ Vdc1L , b Qsxf of phase
b, c DPF of phase b before
and after HAPF starts
operation and d DPF of phase
b before and after the 2nd
loading is connected
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4.5.3 Comparison Between Fixed and Adaptive DC-Link
Voltage Control

During under-compensation by coupling passive part case (Lc1 = 6 mH,
Cc1 = 140 lF), with a fixed dc-link voltage of Vdc1U , Vdc1L = 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
Vdc1U , Vdc1L = 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 V�dc1 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 Qsxf 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 icx of phase b and their spectra with: a a fixed dc-link voltage of

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, Lc1 = 6 mH,
Cc1 = 190 lF)

Before compensation After compensation

Different cases QLxf

(var)
DPF isx

(A)
Qsxf (var) DPF (A) isx (A) THDisx

(%)

1st inductive loading 150.4 0.729 4.01 -10.8 0.998 2.97 3.7
1st and 2nd inductive loading 200.0 0.810 6.25 3.2 1.000 5.08 3.2

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, Lc1 = 6 mH,
Cc1 = 190 lF)

Before compensation After compensation

Different cases QLxf

(var)
DPF isx

(A)
Qsxf

(var)
DPF isx

(A)
THDisx

(%)

1st inductive loading A 148.5 0.763 4.06 -13.4 0.990 3.10 4.3
B 146.4 0.742 3.90 -16.8 0.989 3.15 5.5
C 145.1 0.746 4.01 -13.8 0.990 3.03 5.3

1st and 2nd inductive loading A 188.7 0.805 6.03 -3.4 0.999 5.01 1.9
B 184.5 0.815 5.87 -2.9 0.999 4.99 2.5
C 183.6 0.822 5.94 -0.8 0.999 4.91 2.7
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Vdc1U , Vdc1L = 30 V, and b adaptive dc-link voltage control during the 1st loading
connected case. As the reactive power consumption of the 1st inductive loading
can almost be fully compensated by the coupling passive part as shown in
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Fig. 4.10 HAPF whole
simulated dynamic process
during under-compensation
by coupling passive part,
a fixed Vdc1U ¼ Vdc1L ¼ 30 V,
b Qsxf of phase b, c DPF of
phase b before and after
HAPF starts operation and
d DPF of phase b before and
after the 2nd loading is
connected
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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 Vdc1U ,
Vdc1L = 30 V.

(a)

(b)

(c)

(d)

Fig. 4.11 HAPF whole
experimental dynamic
process during under-
compensation by coupling
passive part, a fixed
Vdc1U ¼ Vdc1L ¼ 30 V, b Qsxf

of phase b, c DPF of phase
b before and after HAPF
starts operation and d DPF of
phase b before and after the
2nd loading is connected
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Fig. 4.12 Simulated and experimental icx of phase b with, a fixed Vdc1U ¼ Vdc1L ¼ 30 V and
b adaptive dc-link voltage control during under-compensation by coupling passive part case
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Fig. 4.13 Simulated and experimental frequency spectrum for icx of phase b with a fixed Vdc1U ¼
Vdc1L ¼ 30 V and b adaptive dc-link voltage control during under-compensation by coupling
passive part case
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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-q-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, 5th, 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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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:vx is the load voltage, isx; iLx and icx are the system, load and inverter
current for each phase. Cc1 and Lc1 are the coupling capacitor and inductor for each
leg of the three-phase VSI. vCc1x and vLc1x are the coupling capacitor voltage and
inductor voltage. Lcn and vLcn are the coupling neutral inductor and neutral
inductor voltage of the three-phase VSI. Cdc1 and 0:5Vdc1 are the dc capacitor,
upper and lower dc capacitor voltages. The dc-link voltage is assumed as an ideal
voltage source of Vdc1, and vinv1x is the inverter output voltage.

From Fig. 5.1b, the differential equations of the coupling inductor Lc1 and
capacitor Cc1 can be expressed as:
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Fig. 5.1 A three-phase four-wire center-split HAPF with Lcn: a circuit configuration and
b equivalent circuit model in a-b-c coordinate
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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:
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where x is the angular frequency of the d-q-0 rotating coordinate frame, and is
synchronized with the line frequency. When HAPF does not contain coupling
neutral inductor (Lcn = 0), (5.3) and (5.4) becomes:
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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, Lcn will not influence the d, q-coordinate circuit models
of the HAPF, but it will influence the 0-coordinate circuit model only. Compared
with the 0-coordinate circuit model without Lcn as shown in Fig. 5.2c, when Lcn is
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added, there is actually an added inductor of 3Lcn to the 0-coordinate circuit
model, as shown in Fig. 5.2d.

From Fig. 5.2, without Lcn, the resonant frequency of the coupling part of the
HAPF in d, q, and 0-coordinate circuit models are the same:

fdq NL ¼ f0 NL ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Lc1Cc1
p ð5:7Þ

where fdq NL and f0 NL are the coupling part resonant frequencies for the HAPF d,
q-coordinate circuit models and 0-coordinate circuit model without Lcn situation,
the subscript ‘‘ NL’’ denotes the system without Lcn. This result implies that the
coupling part can only possess one resonant frequency for filtering current
harmonics.

From Fig. 5.2, with Lcn, the resonant frequency of the coupling part of the
HAPF in d, q, and 0-coordinate circuit models can be expressed as:

fdq L ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Lc1Cc1
p ð5:8Þ

f0 L ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Lcn þ Lc1ð ÞCc1

p ð5:9Þ

where fdq L and f0 L f0 L\fdq L

ffi �
are the coupling part resonant frequencies for

the HAPF d, q-coordinate circuit models and 0-coordinate circuit model with Lcn

situation, the subscript ‘‘ L’’ denotes the system with Lcn. 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 Lcn.
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Fig. 5.2 Equivalent circuit models of the three-phase four-wire center-split HAPF without and
with Lcn in d-q-0 coordinate: a d-coordinate circuit model without or with Lcn, b q-coordinate
circuit model without or with Lcn, c 0-coordinate circuit model without Lcn and d 0-coordinate
circuit model with Lcn
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The above analysis clearly shows that the three-phase four-wire center-split
HAPF without and with Lcn will have the same d, q-coordinate but different
0-coordinate circuit models. Moreover, the HAPF with Lcn can have two different
resonant frequencies for harmonic current filtering as indicated by (5.8) and (5.9),
whereas the HAPF without Lcn can only have one as indicated by (5.7), in which
the deduced results based on the equivalent circuit models in d-q-0 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 Lcn 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 Lcn can be
determined as follows.

1. When the loading contains 3kth k ¼ 1; 2 . . .1ð Þ order harmonic current only:
Since 3kth order harmonic current presents in the 0-coordinate circuit model
only, the coupling LC without and with Lcn can both be tuned at the dominant
3kth order harmonic frequency (f0 NL and f0 L). From (5.7) and (5.9), for
f0 NL ¼ f0 L consideration, a small Lcn can already significantly reduce the size
of the three coupling inductor Lc1, which benefits for lowering the system initial
cost. Therefore, it has a merit to add a Lcn to the HAPF under this loading
situation. Moreover, the coupling LC without and with Lcn 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, q-coordinate circuit models
only, from Fig. 5.2a, b, Lcn cannot help to improve the coupling part filtering
performances under this loading situation. As a result, it is not necessary to add
a Lcn to the HAPF and the coupling LC can be tuned at the dominant 3k ± 1th
order harmonic frequency (fdq NL and fdq L). Moreover, the coupling LC
without and with Lcn 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, q-coordinate circuit models respectively, the coupling LC with Lcn 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 Lcn can be tuned at one dominant 3kth and one dominant 3k ± 1th order
harmonic frequency (fdq L and f0 L), where the 3kth order must be smaller than
3k ± 1th order.

92 5 Minimum Inverter Capacity Design for HAPF



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 Lcn to the
HAPF.

Under unbalanced nonlinear loadings consideration, both 3kth and 3k ± 1th
order harmonic currents can present in the d, q, 0-coordinate circuit models, the
coupling LC with Lcn can be tuned at two dominant harmonic frequencies
fdq L; f0 L

ffi �
and f0 L \ fdq L

ffi �
. In the following, the minimum dc-link voltage

expressions for the HAPF without and with Lcn 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 Lcn. In the fol-
lowing analysis, all parameters are in RMS value. From Fig. 5.3, the required
inverter fundamental output voltages Vinv1xf NL;Vinv1xf L

ffi �
and inverter harmonic

output voltages Vinv1xn NL;Vinv1xn Lð Þ at each harmonic order can be found, where
the subscripts ‘f ’ and ‘n’ denote the fundamental and harmonic frequency com-
ponents. As Vinv1xf NL;Vinv1xn NL;Vinv1xf L;Vinv1xn L are in RMS values, their

corresponding peak values can be obtained by multiplying a
ffiffiffi
2
p

. 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 Vdc1xf NL;Vdc1xn NL;Vdc1xf L;Vdc1xn L

ffi �
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 Vdc1xf NL ¼ffiffiffi

2
p

Vinv1xf NL;Vdc1xn NL ¼
ffiffiffi
2
p

Vinv1xn NL; Vdc1xf L ¼
ffiffiffi
2
p

Vinv1xf L;Vdc1xn L ¼ffiffiffi
2
p

Vinv1xn L respectively.
In order to provide sufficient dc-link voltage for compensating load reactive and

harmonic currents, the minimum dc-link voltage requirement Vdc1x NL;Vdc1x Lð Þ
of the HAPF single-phase circuit models without and with Lcn 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.

Vdc1x NL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vdc1xf NL

�� ��2þX1
n¼2

Vdc1xn NLj j2
s

ð5:10Þ
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Vdc1x L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vdc1xf L

�� ��2þX1
n¼2

Vdc1xn Lj j2
s

ð5:11Þ

From Fig. 5.3, as the Lcn affects only the 3kth order harmonic impedance of the
coupling part, the HAPF without and with Lcn obtain the same fundamental
impedance of the coupling part as shown in Fig. 5.3a. From Fig. 5.3a, when the
load voltage Vx is pure sinusoidal without harmonic components, Vx ¼ Vxf , the
inverter fundamental output voltage of the HAPF single-phase circuit models
without and with Lcn can be expressed as:

Vinv1xf NL ¼ Vinv1xf L ¼ Vx þ ZPPFf � Icxf ð5:12Þ

As most of the loadings in the distribution power systems are inductive, the
fundamental impedance of the coupling capacitor Cc1 should be larger than that of
the coupling inductor Lc1, that yields ZPPFf ¼ ZPPFfj jejuf ; uf ¼ �90

�ffi �
: When the

HAPF operates at ideal case, the fundamental compensating current Icxf contains
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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 Lcn, b at nth = 3k ± 1th harmonic order frequency without or with
Lcn, c at nth = 3kth harmonic order frequency without Lcn and d at nth = 3kth harmonic order
frequency with Lcn
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the pure reactive component Icxfq only without the active current component Icxfp,
therefore (5.12) can be rewritten as:

Vinv1xf NL ¼ Vinv1xf L ¼ Vx � xLc1 �
1

xCc1

����
���� Icxfq

�� �� x ¼ 2pf ð5:13Þ

When the HAPF does not contain Lcn, from Fig. 5.3b and c, the inverter har-
monic output voltage Vinv1xn NL at nth = 3k ± 1th or 3kth (k ¼ 1; 2 . . .1)
harmonic order can be expressed as:

Vinv1xn NL ¼ nxLc1 �
1

nxCc1

����
���� Icxnj j n ¼ 2; 3 . . .1 ð5:14Þ

where Icxn is the nth order harmonic compensating current.
When the HAPF contains Lcn, from Fig. 5.3b and d, the inverter harmonic

output voltage Vinv1xn L at nth = 3k ± 1th or 3kth harmonic order can be
expressed as:

Vinv1xn L ¼
Vinv1x3k�1 L ¼ ð3k � 1ÞxLc1 �

1
ð3k � 1ÞxCc1

����
���� Icx3k�1j j

Vinv1x3k L ¼ 3kxðLc1 þ 3LcnÞ �
1

3kxCc1

����
���� Icx3kj j

8>><
>>:

k ¼ 1; 2 . . .1
n ¼ 2; 3 . . .1

ð5:15Þ

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:

Icxfq

�� �� ¼ ILxfq

�� ��; Icxnj j ¼ ILxnj j ð5:16Þ

where ILxfq and ILxn 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
Lcn Vinv1xf NL;Vinv1xn NL;Vinv1xf L;Vinv1xn L

ffi �
can be calculated. Then the mini-

mum dc-link voltage requirement Vdc1x NL;Vdc1x Lð Þ 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 pq 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 Lcn Vdc1 NL;Vdc1 Lð Þ will be the
maximum one among the calculated minimum value of each phase
Vdc1x NL;Vdc1x Lð Þ; which are expressed in (5.17) and (5.18).

Vdc1 NL ¼ Vdc1 min ¼ max 2Vdc1a NL; 2Vdc1b NL; 2Vdc1c NLð Þ ð5:17Þ

Vdc1 L ¼ Vdc1 min ¼ max 2Vdc1a L; 2Vdc1b L; 2Vdc1c Lð Þ ð5:18Þ
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From (5.17) and (5.18), the inverter capacity of the HAPF without and with Lcn

Sinv NL; Sinv Lð Þ can be expressed as:

Sinv NL ¼ 3
Vdc1 NLffiffiffi

2
p Ic ð5:19Þ

Sinv L ¼ 3
Vdc1 Lffiffiffi

2
p Ic ð5:20Þ

where Ic ¼ max Ica; Icb; Iccð Þ. From (5.19) and (5.20), the inverter capacity of the
HAPF without and with Lcn 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 Lcn.

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

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

1 Inverter fundamental output voltage without and with Lcn:

Vinv1xf NL ¼ Vinv1xf L ¼ Vx � xLc1 � 1
xCc1

��� ��� Icxfq

�� ��
where Icxfq

�� �� ¼ ILxfq

�� �� , where x ¼ 2pf (5.13)

2 Inverter nth harmonic order output voltage without and with Lcn:
(5.14)Vinv1xn NL ¼ nxLc1 � 1

nxCc1

��� ��� Icxnj j

Vinv1xn L ¼
Vinv1x3k�1 L ¼ ð3k � 1ÞxLc1 � 1

ð3k�1ÞxCc1

��� ��� Icx3k�1j j

Vinv1x3k L ¼ 3kxðLc1 þ 3LcnÞ � 1
3kxCc1

��� ��� Icx3kj j

8<
: (5.15)

where Icxnj j ¼ ILxnj j, nth = 3 k ± 1th or 3kth, k ¼ 1; 2 . . .1,
n ¼ 2; 3 . . .1; x ¼ 2pf

3 Minimum dc-link voltage without Lcn:
Vdc1 NL ¼ Vdc1 min ¼ max 2Vdc1a NL; 2Vdc1b NL; 2Vdc1c NLð Þ (5.17)

Where Vdc1x NL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vdc1xf NL

�� ��2þP1
n¼2

Vdc1xn NLj j2
s

(5.10)

Vdc1xf NL ¼
ffiffiffi
2
p

Vinv1xf NL, Vdc1xn NL ¼
ffiffiffi
2
p

Vinv1xn NL; where
n ¼ 2; 3 . . .1
Minimum dc-link voltage with Lcn: (5.18)
Vdc1 L ¼ Vdc1 min ¼ max 2Vdc1a L; 2Vdc1b L; 2Vdc1c Lð Þ

Where Vdc1x L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vdc1xf L

�� ��2þP1
n¼2

Vdc1xn Lj j2
s

(5.11)

Vdc1xf L ¼
ffiffiffi
2
p

Vinv1xf L, Vdc1xn L ¼
ffiffiffi
2
p

Vinv1xn L, where n ¼ 2; 3 . . .1
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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 SR between
the HAPF with and without Lcn can be expressed as:

SR ¼
Sinv L

Sinv NL
¼ Vdc1 L

Vdc1 NL
¼ Vdc1x L

Vdc1x NL
ð5:21Þ

As the load harmonic currents are mainly contributed by the third, fifth, sev-
enth, and ninth harmonic orders, the coupling part Lc1;Cc1ð Þ with the Lcn 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 SR between the HAPF without and with different Lcn values.
From Fig. 5.4, when Lcn is chosen at around 4.5mH, the minimum inverter
capacity of the HAPF can be achieved. Moreover, the inverter capacity of the
HAPF with Lcn (Lcn = 4–5 mH) can be reduced by more than 50 % of that without
Lcn (Lcn = 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 Lc1;Cc1ð Þ and Lcn, the HAPF with
Lcn can reduce its inverter capacity compared with the HAPF without Lcn. The
coupling LC is required to be tuned at 3k ± 1th order harmonic frequency because
the coupling LC with Lcn can only eliminate the 3kth order harmonic current.
Moreover, 3kth harmonic order should be smaller than 3k ± 1th harmonic order.

Although the use of Lcn 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 Lcn will obtain less switching loss if a
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Fig. 5.4 Inverter capacity
ratio SR between the HAPF
without and with different Lcn
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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 Lcn.

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 Lcn 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 Lc1

and Cc1 are designed basing on the load fundamental reactive power consumption
and tuned at the fifth order harmonic frequency, and the coupling LC with Lcn 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 5.2 Characteristics of the HAPF without and with Lcn

HAPF No. of resonant frequency order for filtering
harmonics

No. of LC
components

Capacity of the
inverter

L C

Without
Lcn

1 3 3 Larger

With Lcn 2 4 3 Smaller

Table 5.3 HAPF system
parameters for simulations
and experiments

System parameters Physical values

System source-side Vx 220 V
f 50 Hz

HAPF Lc1 8 mH
Cc1 50 uF
Vdc1 45, 65, 90 V
Lcn 5 mH

Nonlinear rectifier load RNL1x 43.2 X
LNL1x 34.5 mH
CNL1x 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 Dicx

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 ls (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 iLx 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
THDiLxð Þ is 32.1 % and the load neutral current iLnð Þ 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 (Vdc1xf_NL, Vdc1xn_NL, Vdc1xf_L, Vdc1xn_L) for compensating the fun-
damental reactive current, 3rd, 5th, 7th, and 9th harmonic current components and
the minimum dc-link voltages (Vdc1_NL, Vdc1_L) of the HAPF without and with Lcn,
in which Vdc1_NL = 79.24 V and Vdc1_L = 34.22 V respectively. The dc-link
voltage for the HAPF is chosen as Vdc1 = 45, 65, 90 V three levels for performing
compensation respectively. After compensation by the HAPF without and with
Lcn, Fig. 5.5b–e show the simulated system current isx 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
reactive
current (A)

Third order
harmonic
current (A)

Fifth order
harmonic
current (A)

Seven order
harmonic
current (A)

Ninth order
harmonic
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 isx and its
spectrum of phase a before
and after HAPF
compensation: a before
compensation, b after
compensation with
Vdc1 = 45 V (Lcn = 0),
c after compensation with
Vdc1 = 65 V (Lcn = 0),
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From Tables 5.5 and 5.6, when the HAPF is operating without Lcn, 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 Vdc1 = 45 V
(\Vdc1_NL = 79.24 V), the HAPF cannot perform current compensation effec-
tively. After compensation, the THD of phase a system current is THDisx ¼ 36:2 %
and the system neutral current (isn) is 5.85 A, in which the compensated THDisx

does not satisfy the international standards (THDisx\20 % for IEEE,
THDisx\16 % for IEC) [14, 15]. When the dc-link voltage increases to
Vdc1 = 65 V, as this value is closer to the required Vdc1_NL = 79.24 V, the HAPF
can obtain better compensating performances with THDisx ¼ 20:2 % and isn ¼
3:60 A; in which the compensated THDisx still does not satisfy the international
standards [14, 15]. When the dc-link voltage increases to Vdc1 = 90 V, the HAPF
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Table 5.5 Simulated and experimental required dc-link voltage of the HAPF without and with
Lcn

HAPF
(mH)

Vdc1xf_NL,
Vdc1xf_L

(V)

Vdc1x3_NL,
Vdc1x3_L

(V)

Vdc1x5_NL,
Vdc1x5_L

(V)

Vdc1x7_NL,
Vdc1x7_L

(V)

Vdc1x9_NL,
Vdc1x9_L

(V)

Vdc1_NL,
Vdc1_L

(V)

Simulation
results

Lcn = 0 10.56 37.92 0.13 2.77 3.52 79.24
Lcn = 5 10.56 1.26 0.13 2.76 13.11 34.22

Experimental
results

Lcn = 0 16.42 37.15 0.10 2.40 2.64 81.54
Lcn = 5 16.42 1.24 0.10 2.40 9.83 38.66
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can effectively track the reference compensating current and achieve the best
compensation performances with THDisx ¼ 5:3 % and isn ¼ 0:86 A among the
three cases. From Tables 5.5 and 5.6, when the HAPF is operating with Lcn, the
coupling LC together with Lcn already eliminates the two dominant third and fifth
orders harmonic current. Therefore, the dc-link voltage of Vdc1 = 45 V
([Vdc1_L = 34.22 V) is already sufficient for the HAPF to obtain very good
compensating performances with THDisx ¼ 2:2 % and isn ¼ 0:34 A; as verified by
Fig. 5.5e and Table 5.6, in which the compensated THDisx satisfies the interna-
tional standards [14, 15].

5.4.2 Experimental Results

Figure 5.6a illustrates the experimental iLx 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 THDiLx is 32.7 % and the iLn 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 Vdc1xf_NL,
Vdc1xn_NL, Vdc1xf_L, Vdc1xn_L and Vdc1_NL, Vdc1_L of the HAPF without and with Lcn,
in which Vdc1_NL = 81.54 V and Vdc1_L = 38.66 V respectively. Similar as sim-
ulation part, the dc-link voltage for the HAPF is chosen as Vdc1 = 45 V, 65 V,
90 V three levels for performing compensation respectively. After compensation
by the HAPF without and with Lcn, Fig. 5.6b–e show the experimental isx 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 Lcn, the coupling
LC of the HAPF mainly eliminates the fifth order harmonic current. From

Table 5.6 Summary of simulated and experimental results before and after HAPF compensation
during balanced loading situation

HAPF Vdc1

(V)
3rd harmonic
(%)

5th harmonic
(%)

DPF THDisx

(%)
isn

(A)

Simulation
results

Without comp. – 31.5 8.6 0.80 32.1 5.35
HAPF
(Lcn = 0 mH)

45 36.2 6.1 1.00 36.2 5.85
65 25.2 1.1 1.00 20.2 3.60
90 2.7 0.6 1.00 5.3 0.86

HAPF
(Lcn = 5 mH)

45 0.5 1.0 1.00 2.2 0.34

Experimental
results

Without comp. – 31.4 7.3 0.83 32.7 5.77
HAPF
(Lcn = 0 mH)

45 23.8 3.2 1.00 25.3 3.51
65 14.8 2.4 1.00 17.2 2.45
90 6.3 1.1 1.00 8.0 1.30

HAPF
(Lcn = 5mH)

45 2.4 1.5 1.00 5.6 0.74
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Fig. 5.6b–e, with Vdc1 = 45 V (\Vdc1_NL = 81.54 V), the HAPF cannot perform
current compensation effectively. After compensation, the THDisx of phase a is
25.3 % and the isn is 3.51 A, in which the compensated THDisx does not satisfy the
international standards [14, 15]. When the dc-link voltage increases to
Vdc1 = 65 V, as this value is closer to the required Vdc1_NL = 81.54 V, the HAPF
can obtain better compensating performances with THDisx ¼ 17:2 % and isn ¼
2:45 A; in which the compensated THDisx still does not satisfy the international
standards [14, 15]. When the dc-link voltage increases to Vdc1 = 90 V, the HAPF
can achieve the best compensation performances with THDisx ¼ 8:0 % and isn ¼
1:30 A among the three cases. From Tables 5.5 and 5.6, when the HAPF is
operating with Lcn, the coupling LC together with Lcn already eliminates the two
dominant third and fifth orders harmonic current. Therefore, the dc-link voltage of
Vdc1 = 45 V ([Vdc1_L = 38.66 V) is already sufficient to obtain very good com-
pensating performances with THDisx ¼ 5:6 % and isn ¼ 0:74 A; as verified by
Fig. 5.6e and Table 5.6, in which the compensated THDisx satisfies the interna-
tional standards [14, 15].

Figures 5.7–5.8 show the HAPF simulated and experimental compensating
current icx waveforms and their spectra of phase a with Vdc1 = 90 V (without Lcn)
and Vdc1 = 45 V (with Lcn = 5 mH). As the ica harmonic contents above 15th
harmonic order (switching noise) shows a significant reduction by adding a Lcn,
thus the HAPF with Lcn can effectively reduce the switching noise and also
improve the compensation performances as verified by Table 5.6, in comparison
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with the conventional HAPF without Lcn, because it just requires a lower dc-link
voltage requirement for performing compensation.

Without Lcn case, if the coupling Lc1 and Cc1 are tuned at third order harmonic
frequency instead of fifth order, the dc-link voltage reduction with Lcn may not be
so significant. Unfortunately, by tuning Lc1 and Cc1 at third order harmonic fre-
quency, it will significantly increase the initial cost and size of the HAPF, because
the required three coupling Lc1 will be increased from 8 to 22.5 mH, compared
with the coupling Lc1 and Cc1 tuned at fifth order with a Lcn of 5 mH only.

If 3kth order load harmonic current exists, by concerning about: (i) initial costs
of both the coupling part (Lc1 and Cc1) 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.

References

1. J.S. Subjek, J.S. Mcquilkin, Harmonics-causes, effects, measurements and analysis. IEEE
Trans. Ind. Electron. 26(6), 1034–1042 (1990)

2. L.H.S. Duarte, M.F. Alves, The degradation of power capacitors under the influence of
harmonics, in Proceedings IEEE 10th International Conference on Harmonics and Quality of
Power, vol. 1 (2002), pp. 334–339

5.4 Simulation and Experimental Verifications for Inverter Capacity 109



3. T.Q. Tran, L.E. Conrad, B.K. Stallman, Electric shock and elevated EMF levels due to triplen
harmonics. IEEE Trans. Power Del. 11(2), 1041–1049 (1996)

4. H. Akagi, S. Srianthumrong, Y. Tamai, Comparisons in circuit configuration and filtering
performance between hybrid and pure shunt active filters, in Conference Record IEEE-IAS
Annual Meeting, vol. 2 (2003), pp. 1195–1202

5. S. Srianthumrong, H. Akagi, A medium-voltage transformerless AC/DC Power conversion
system consisting of a diode rectifier and a shunt hybrid filter. IEEE Trans. Ind. Applicat.
39(3), 874–882 (2003)

6. W. Tangtheerajaroonwong, T. Hatada, K. Wada, H. Akagi, Design and performance of a
transformerless shunt hybrid filter integrated into a three-phase diode rectifier. IEEE Trans.
Power Electron. 22(5), 1882–1889 (2007)

7. R. Inzunza, H. Akagi, A 6.6 kV transformerless shunt hybrid active filter for installation on a
power distribution system. IEEE Trans. Power Electron. 20(4), 893–900 (2005)

8. V.-F. Corasaniti, M.-B. Barbieri, P.-L. Arnera, M.-I. Valla, Hybrid power filter to enhance
power quality in a medium voltage distribution. IEEE Trans. Ind. Electron. 56(8), 2885–2893
(2009)

9. J.I. Rodriguez, A. Candela, L. Luna, R. Asiminoaei, R. Teodorescu, F. Blaabjerg, Current
harmonics cancellation in three-phase four-wire systems by using a four-branch star filtering
topology. IEEE Trans. Power Electron. 24(8), 1939–1950 (2009)

10. C.-S. Lam, M.-C. Wong, Y.-D. Han, Voltage swell and overvoltage compensation with
unidirectional power flow controlled dynamic voltage restorer. IEEE Trans. Power Del.
23(4), 2513–2521 (2008)

11. S. Hiti, D. Boroyevich, C. Cuadros, Small-signal modeling and control of three-phase PWM
conver1ters, in Conference Record of the Industry Applications Society Annual Meeting, vol.
2 (1994), pp. 1143–1150

12. R. Zhang High performance power converter systems for nonlinear and unbalanced load/
source’’, Ph.D. thesis, Virginia Polytechnic Institute and State University, 1998

13. M.-C. Wong, J. Tang, Y.-D. Han, Cylindrical coordinate control of three-dimensional PWM
technique in three-phase four-wired trilevel inverter. IEEE Trans. Power Electron. 18(1),
208–220 (2003)

14. IEEE Recommended Practice on Monitoring Electric Power Quality, 1995, IEEE Standard
1159:1995

15. Electromagnetic Compatibility (EMC), Part 3: Limits, Section 2: Limits for Harmonics
Current Emissions (Equipment Input Current B 16A Per Phase), IEC Standard 61000-3-2,
1997

110 5 Minimum Inverter Capacity Design for HAPF



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 kVA 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
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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 Lcn

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 Vdc,
ICM, ICN, trN, tfN, and fsw are the dc-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.

PLoss ¼ Vdc ICM fsw
1
8

trN
I2
CM

ICN
þ tfN

1
3p
þ 1

24
ICM

ICN

� ffi� ffi
ð6:1Þ

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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From Chap. 4 and Chap. 5, the required minimum dc-link voltage for com-
pensating reactive power (Vdc1xf_NL, Vdc1xf_L) and each nth current harmonic order
(Vdc1xn_NL, Vdc1xn_L) without and with Lcn case can be summarized by (6.2–6.4) as
shown in Table 6.1. Then the minimum dc-link voltage requirements (Vdc1x_NL,
Vdc1x_L) 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 Lcn (Vdc1_NL, Vdc1_L) 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 Lcn will be proposed in the
following.

Table 6.1 Minimum dc-Link voltage deduction steps of the three-phase four-wire HAPF
without and with Lcn

(1) Fundamental
Frequency

Minimum dc-link voltage without and with Lcn for compensating reactive
power:

Vdc1xf NL ¼ Vdc1xf L ¼
ffiffiffi
2
p

Vinv1xf NL ¼
ffiffiffi
2
p

Vinv1xf L

¼
ffiffiffi
2
p

Vx 1�
QLxf

Qcxf PPF

�� ��
�����

����� 6:2ð Þ

where QLxf is loading fundamental reactive power, Qcxf_PPF is the reactive
power provided by coupling LC.

(2) Harmonic
Frequencies

Minimum dc-link voltage without and with Lcn for compensating each nth
order current harmonic:

Vdc1xn NL ¼ffiffiffi
2
p

Vinv1xn NL ¼
ffiffiffi
2
p

nxLc1 �
1

nxCc1

����
���� Icxnj j 6:3ð Þ

Vdc1xn L ¼
ffiffiffi
2
p

Vinv1xn L ¼ffiffiffi
2
p

Vinv1x3k�1 L ¼
ffiffiffi
2
p
ð3k � 1ÞxLc1 �

1
ð3k � 1ÞxCc1

����
���� Icx3k�1j j

ffiffiffi
2
p

Vinv1x3k L ¼
ffiffiffi
2
p

3kxðLc1 þ 3LcnÞ �
1

3kxCc1

����
���� Icx3kj j 6:4ð Þ

8>>><
>>>:
where |Icxn| = |ILxn|, nth = 3 k ± 1th or 3kth, k = 1, 2…?, n = 2, 3…?,
x = 2pf

(3) All
Frequencies

Minimum dc-link voltage without and with Lcn:
Vdc1 NL ¼ Vdc1 min ¼ max 2Vdc1a NL; 2Vdc1b NL; 2Vdc1c NLð Þ ð6:5Þ

where Vdc1x NL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vdc1xf NL

�� ��2þP1
n¼2

Vdc1xn NLj j2
s

6:6ð Þ

Vdc1 L ¼ Vdc1 min ¼ max 2Vdca L; 2Vdcb L; 2Vdcc Lð Þ 6:7ð Þ

where Vdc1x L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vdc1xf L

�� ��2þP1
n¼2

Vdc1xn Lj j2
s

6:8ð Þ

where n = 2, 3…?
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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 Lcn 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 Lcn 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 (icx_q, the subscript x = a, b, c for
three phases) are determined by the single-phase instantaneous pq 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 Vdc1_min, (2) determination of final reference
dc-link voltage level Vdc1

* , 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 qLxf is calculated by using
single-phase instantaneous pq theory as discussed in Appendix A.2 and low-
pass filters. Usually, �qLxf =2 can keep as a constant value for more than one
cycle, thus loading fundamental reactive power consumption QLxf in each phase
can be approximately treated as QLxf � �qLxf =2. Then the required minimum
dc-link voltage for compensating each phase QLxf can be calculated by using
(6.2). With the help of FFT, the load current spectra |ILxn| 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 Vdc1_min for the three-phase four-wire HAPF without and with Lcn

can be determined by (6.5) and (6.7) accordingly. To implement the adaptive dc
voltage control function for the HAPF, Vdc1_min can be simply treated as the final
reference dc voltage Vdc1

* . It is obvious that when the loading is changing, the
system adaptively yields different Vdc1_min value.

(2) Determination of Final Reference DC-Link Voltage Level: However, this
adaptive control scheme may frequently change the dc voltage reference Vdc1

*

in practical situation, as the loading is randomly determined by electric users
(different QLxf and ILxn). 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 Vdc1

* can be
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maintained as a constant value within a specific compensation range. If
Vdc1_min is greater than the maximum level Vdcmax, Vdc1

* = Vdcmax.
(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 (Qdc, Pdc) [4]:

Qdc ¼ �Kq � ðV�dc1
� Vdc1Þ � KI

Z
ðV�dc1

� Vdc1Þ dt ð6:9Þ

Pdc ¼ Kp � ðV�dc1
� Vdc1Þ þ KII

Z
ðV�dc1

� Vdc1Þ dt ð6:10Þ

where Qdc aims to change the dc-link voltage level due to adaptive dc control
and start-up dc-link self-charging function, while Pdc aims to maintain the dc-link
voltage due to the system loss. Kq and Kp are the proportional gains, while KI and
KII are the integral gains of the controllers. With the help of the three-phase
instantaneous pq theory as discussed in Appendix A.1 and Qdc and Pdc terms, the
dc-link voltage Vdc1 can track its reference Vdc1

* by changing the three-phase dc
voltage control reference compensating currents icx_dc 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 Kq, Kp, KI , and KII 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
Vinv1xfp = |Vx-|Icxfq| |XPPFf|| and Vinv1xfq = |Icxfp||XPPFf| are the inverter funda-
mental active and reactive voltages, Icxfp and Icxfq 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:

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

Fig. 6.3 Block diagram of dc-link voltage control during compensating system loss
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Vdc1ðsÞ
V�dc1ðsÞ

¼

2Vinv1xfqKq

VxVdc1Cdc1
sþ 2Vinv1xfqKI

VxVdc1Cdc1

s2 þ 2Vinv1xfqKq

VxVdc1Cdc1
sþ 2Vinv1xfqKI

VxVdc1Cdc1

ð6:11Þ

Vdc1ðsÞ
V�dc1ðsÞ

¼

2Vinv1xfpKp

VxVdc1Cdc1
sþ 2Vinv1xfpKII

VxVdc1Cdc1

s2 þ 2Vinv1xfpKp

VxVdc1Cdc1
sþ 2Vinv1xfpKII

VxVdc1Cdc1

ð6:12Þ

By ROUTH-HURWITZ criterion, the Routh tables for (6.11) and (6.12) can be
obtained. As Kq, Kp, KI , and KII [ 0, the dc-link voltage controllers will be stable.
From the HAPF experimental system parameters in Table 6.5, Cc1 = 50 lF,
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Lc1 = 8 mH, Cdc1 = 3.3 mF, and Vx = 220 V. For the dc-link maximum
operating voltage is Vdc1 = 150 V, fundamental compensating active and reactive
currents are |Icxfp| = 0.2 A and |Icxfq| = 4.2 A, when KI = KII = 50, the effect of
Kq and Kp 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 Kq and Kp 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 Kq and Kp value will yield a faster
dynamic response for the controllers.

When only P controller is applied, that is KI = KII = 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 Kq and Kp [ 0, the dc-link voltage controllers will be stable. If the
proportional gains Kq and Kp 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 Kq and Kp to the
controllers’ stability and dynamic response are shown in Figs. 6.6 and 6.7. From
Figs. 6.6 and 6.7, when Kq and Kp 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 Kq and Kp value will yield a faster dynamic response.

To simplify the control process, Qdc and Pdc in (6.9) and (6.10) can be calcu-
lated by the same controller, i.e., Kq = Kp, and KI = KII. 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
Kq = Kp = 40 is selected. If the dc-link voltage with zero steady-state error is
taken into consideration, PI controller is appreciated, Kq = Kp = 40 and
KI = KII = 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 icx

* can be obtained by summing up the icx_q

and icx_dc. Then the final reference and actual compensating currents icx
* and icx 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 Vdc1U and Vdc1L 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. vx is the load voltage, isx, iLx, and icx are
the system, load, and inverter current for each phase. Cc1 and Lc1 are the coupling
capacitor and inductor, Lcn is the coupling neutral inductor. Cdc1, Vdc1U, and Vdc1L

are the dc capacitor, upper, and lower dc capacitor voltages with
Vdc1U = Vdc1L = 0.5 Vdc1. Ssource, SHAPF, SAPF, SPPF, SR, and Sdischarge are con-
trollable switches for controlling different parts of the circuit. VTSC and CTSC

Fig. 6.8 System configuration of the 220 V, 10 kVA HAPF experimental prototype
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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 Cc1 and Lc1 of the HAPF are designed basing on the average fun-
damental reactive power consumption and the n1 = 3 k ± 1th harmonic current of
the loading, k = 1, 2…?. The reactance of Cc1 and Lc1 can be expressed as:

Fig. 6.9 The 220 V, 10 kVA
HAPF experimental
prototype testing
environment
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XCc1 ¼
V2

x

�QLxf

�� ��þ XLc1; XLc1 ¼
1

n2
1

XCc1 ð6:13Þ

where Vx is the RMS load voltage, �QLxf is the phase average fundamental reactive
power consumption of the loading. From (6.13), Cc1 can be found:

Cc1 ¼
n2

1 � 1

n2
1

� ffi �QLxf

�� ��
2pf � V2

x

ð6:14Þ

Then the coupling Lc1 can be expressed as:

Lc1 ¼
1

n1 � 2pfð Þ2�Cc1

ð6:15Þ

where Lc1 can also smooth the inverter output current ripple. And the coupling
neutral inductor Lcn can be obtained as:

Lcn ¼
1
3

1

n2 � 2pfð Þ2�Cc1

� Lc1

 !
ð6:16Þ

where n2 is a 3kth harmonic current order, and n1 [ n2.
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 �QLxf ¼ 790:0 var,
n1 ¼ 5; and n2 ¼ 3, the coupling capacitor, inductor, and neutral inductor are:
Cc1 � 50 uF, Lc1 � 8 mH and Lcn � 5 mH, respectively. The PPF hardware cir-
cuit diagram of the 220 V, 10 kVA HAPF experimental system is shown in
Fig. 6.11.

Fig. 6.10 The 220 V, 10 kVA HAPF experimental prototype under testing loads situation
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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

Table 6.2 Experimental parameters for testing loads situation

System parameters Physical values

Vx 220 V
f 50 Hz
1st inductive nonlinear rectifier
load

A RNL1x, LNL1x,
CNL1x

43.2 X, 34.5 mH, 392.0 lF
(QLxf & 720.0 var)B

C
2nd inductive linear load A RLL2x, LLL2x 60 X, 70 mH (QLxf & 200.0 var)

B
C

Lc1

Cc1

Lcn

Fig. 6.11 Hardware circuit
diagram for PPF part of the
220 V, 10 kVA HAPF
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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 SN74HCT08 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 R8
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/O, ‘‘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.

C1E2

C2E1

(a) (b)

Fig. 6.12 Dual IPM module: a photo and b circuit diagram
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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. 6.13 Schematic diagram of IGBT driver board

IGBT switch

IGBT driver
Fig. 6.14 Hardware
connection between IGBT
power switches and drivers of
the 220 V, 10 kVA HAPF
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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 X, while
that of KV 50 A/P (voltage transducer) is selected as 100 X [12]. Therefore, the
current and voltage transducer output voltage Vinð Þ will have the same range
between -5 to 5 Vpeak.

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

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

Fig. 6.16 Schematic diagram of the signal conditioning circuit
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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:

Vo ¼
R5

R2
Vin þ

R5

R3
� 15 ð6:17Þ

For ac measurement, a dc offset should be provided for the input analog signals
because a negative voltage is not compatible for a 0 * 3.3 V digital controller.
Set R5 = 2.2 kX and R3 = 20 kX, then Vo ¼ 2:2k

R2
Vin þ 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 ±20 and ±20 Apeak, respectively. And the maximum measurement range of
the load voltages and dc-link capacitor voltages are set as ±330 and +200 Vpeak,
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

Table 6.3 Parameters of the signal conditioning boards (in peak value)

Max. measurement range (Apeak/Vpeak) Vin (Vpeak) Vo (Vpeak) R2 (kX) R3 (kX) R5 (kX)

Current iLx -20 * 20 -5 * 5 0.309 * 2.991 8.2 20 2.2
icx -20 * 20 -5 * 5 0.309 * 2.991 8.2 20 2.2

Voltage vx -330 * 330 -5 * 5 0.309 * 2.991 8.2 20 2.2
Vdc1U, Vdc1L 0 * 200 0 * 5 0.330 * 2.991 8.2 100 2.2

Note: R4 = 1.5 kX, R7 = 5 kX, R6 = R8 = 10 kX, and R10, R11, R12 are 20 kX adjustable
resistor
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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 ls, which is larger than the recommended condition
(C3.5 ls) 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 vx, 3 load currents iLx, 3 com-
pensating currents icx, and 2 dc-link capacitor voltages Vdc1U , Vdc1L) 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.

vx
iLxicx

Vdc1u ,Vdc1L

Fig. 6.17 Overall current
and voltage transducers with
signal conditioning boards of
the 220 V, 10 kVA HAPF
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6.3.5 General Design Procedures for Adaptive DC-Link
Voltage Controlled HAPF with Lcn

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

(1) From the average �QLxf and the dominant n1 = 3 k ± 1th and n2 = 3 kth,
n1 [ n2, Cc1, Lc1, and Lcn can be designed by (6.13–6.16).

(2) Vdcmax is designed according to HAPF’s specification; Vdcmax/3 or Vdcmax/4 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 Lcn can be implemented by using a DSP.

System 
initialization

Start Timer 2 
(EVA) counter

Start

Waiting for ADC 
interrupt

PWM initialization

ADC initialization

Enable all 
interrupts

ADC interrupt

Obtain ADC signals

Calculate adaptive dc 
voltage level Vdc1*

Calculate ref. comp. 
current icx_q

Calculate Vdc1* control 
comp. current icx_dc

Calculate final ref. comp. 
current 

 icx*= icx_q + icx_dc 

Determine PWM 
compare register

Return

(a) (b)

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

Signals
connection

board

DSP

Fig. 6.19 The DSP
controller of the 220 V,
10 kVA HAPF
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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 Lcn exper-
imental compensation results will be given, compared with the conventional fixed
and adaptive dc-link voltage-controlled HAPF without Lcn.

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

Experimental Prototype

In this section, the proposed adaptive dc-link voltage-controlled HAPF without
and with Lcn 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 Lcn 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
9th order harmonic current in RMS values. From Tables 6.2 and 6.4 and the
reactive power provided by the coupling passive part Qcxf_PPF & -777.0 var
(Vx = 218 V) * -806.0var (Vx = 222 V), the final reference Vdc1

* is designed to
have three adaptive dc voltage levels (Vdc1U, Vdc1L = 25, 50, and 75 V) for the
experimental verification. Table 6.5 lists the system parameters for the 220 V,
10 kVA HAPF with Lcn experimental prototype. From Tables 6.1, 6.2, and 6.4, the
final minimum adaptive levels Vdc1U, Vdc1L 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) 5th order (A) 7th order (A) 9th order (A)

1st loading A, B, C 1.92 0.45 0.20 0.12
1st and 2nd loadings A, B, C 1.90 0.46 0.23 0.12
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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 Qsxf, load voltage vx, and system current isx

waveforms of phase a. As the experimental loadings are approximately balanced,
only vx and isx 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 Qsxf 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 (THDisx) of isx are 32.5, 31.5, and 31.6 %, in which the THDisx do not
satisfy the international standards (THDisx \ 20 % for IEEE and 16 % for IEC)
[14, 15]. When both the 1st and 2nd inductive loadings are connected, the three-
phase Qsxf increase to 921.3, 920.1, and 921.9 var with PF = 0.870, 0.872, and
0.870, respectively, and the THDisx become 21.3, 20.5, and 20.7 %, in which the
THDisx 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 Lcn, 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 (Vdc1U, Vdc1L = 75 V) for the
HAPF, Fig. 6.21a shows that the Vdc1U, Vdc1L level can be controlled as its ref-
erence 75 V no matter when the 1st loading or 1st and 2nd loadings are connected.

Table 6.5 System parameters of the 220 V, 10 kVA HAPF

System parameters Physical values

System source-side Vx, f 220 V, 50 Hz
Passive part
(Qcxf_PPF & -790.0 var)

Lc1, Cc1, Lcn 8 mH, 50 uF, 5 mH

DC capacitor Cdc1 3.3 mF
DC-link voltage levels Vdc1U, Vdc1L 25 V, 50 V, 75 V

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

Different situations Required
Vdc1_min/2 (V)

Final minimum adapt.
level Vdc1U,Vdc1L (V)

Lcn = 0mH 1st loading A, B, C 44.0 50
1st and 2nd loadings A, B, C 58.3 75

Lcn = 5mH 1st loading A, B, C 25.3 25
1st and 2nd loadings A, B, C 46.3 50
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Fig. 6.20 Before HAPF compensation: a Qsxf, b vx and isx of phase a when the 1st loading is
connected and c vx and isx of phase a 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 Qsxf

(var)
PF THDisx

(%)
THDvx

(%)
isx (A) isn (A)

1st inductive loading A 723.0 0.804 32.5 1.7 6.506 5.808
B 718.5 0.805 31.5 1.9 6.467
C 721.2 0.804 31.6 1.5 6.444

1st and 2nd inductive
loading

A 921.3 0.870 21.3 1.6 9.520 5.659
B 920.1 0.872 20.5 1.8 9.539
C 921.9 0.870 20.7 1.5 9.493

Fig. 6.21 HAPF whole experimental dynamic compensation process with conventional fixed dc-
link voltage control scheme: a Vdc1U, Vdc1L, b Qsxf, c vx and isx of phase a after HAPF starts
operation, and d vx and isx of phase a after the 2nd loading is connected
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From Fig. 6.21b, the experimental Qsxf can be approximately compensated close to
zero for both loadings case, compared with Fig. 6.20a. Figure 6.21c shows the PF
and THDisx of phase a can be improved from 0.804 to 0.990 and 32.5 to 7.5 % at

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 Qsxf

(var)
PF THDisx

(%)
THDvx

(%)
isx (A) isn (A) Vdc1U, Vdc1L

(V)
1st inductive loading A -66.4 0.990 7.5 1.3 4.943 1.347 75

B -50.5 0.990 8.7 1.2 5.024
C -77.3 0.989 9.0 1.1 5.108

1st and 2nd inductive
loading

A 15.2 0.997 4.6 1.1 8.071 1.324 75
B -3.3 0.997 5.2 1.0 8.036
C 3.8 0.997 5.8 1.1 8.023
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1st loading case. From Fig. 6.21d, the PF and THDisx 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
Vdc1U, Vdc1L can be adaptively changed (Vdc1U, Vdc1L = 50 V for the 1st loading,

Fig. 6.22 HAPF whole experimental dynamic compensation process with adaptive dc-link
voltage control scheme: a Vdc1U, Vdc1L, b Qsxf, c vx and isx of phase a after HAPF starts operation,
and d vx and isx of phase a after the 2nd loading is connected
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Vdc1U, Vdc1L = 75 V for the 1st and 2nd loadings) according to different loading
cases. From Fig. 6.22b, the experimental Qsxf can be compensated close to zero for
both loadings case. Figure 6.22c shows that the PF and THDisx of phase a can be

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 Qsx

(var)
PF THDisx

(%)
THDvx

(%)
isx

(A)
isn

(A)
Vdc1U, Vdc1L

(V)

1st inductive loading A -50.8 0.990 8.3 1.0 5.023 1.500 50 V
B -74.4 0.989 10.3 1.1 5.044
C -79.3 0.989 10.7 1.0 5.058

1st and 2nd inductive
loading

A 16.3 0.997 4.5 1.0 8.085 1.414 75 V
B 2.9 0.997 5.0 1.0 8.047
C 4.8 0.997 5.9 1.0 8.008
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improved from 0.804 to 0.990 and 32.5 to 8.3 % at 1st loading case. From
Fig. 6.22d, the PF and THDisx 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 Lcn

With the adaptive dc-link voltage control for the HAPF with Lcn, Fig. 6.23a shows
that the Vdc1U, Vdc1L can be adaptively changed (Vdc1U, Vdc1L = 25 V for the 1st

Fig. 6.23 HAPF whole experimental dynamic compensation process with adaptive dc-link
voltage control scheme and Lcn: a Vdc1U, Vdc1L, b Qsxf, c vx and isx of phase a after HAPF starts
operation, and d vx and isx of phase a after the 2nd loading is connected
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loading, Vdc1U, Vdc1L = 50 V for the 1st and 2nd loadings) according to different
loading cases. From Fig. 6.23b, the experimental Qsxf can be compensated close to
zero for both loadings case. Figure 6.23c shows that the PF and THDisx of phase
a can be improved from 0.804 to 0.995 and 32.5 to 5.7 % at 1st loading case. From
Fig. 6.23d, the PF and THDisx 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 Lcn.

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

Fig. 6.23 continued
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compensation results, and their compensated THDisx and THDvx satisfy the
international standards [14–16]. Moreover, the system current isx and neutral
current isn can be significantly reduced after compensation. From Table 6.11,
during 1st loading case, the adaptive dc control scheme (Vdc1U, Vdc1L = 50 V) can
reduce the switching loss compared with the conventional fixed Vdc1U,
Vdc1L = 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 Lcn 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 icx of phase a with: (a)
fixed Vdc1U, Vdc1L = 75 V; (b) adaptive dc-link voltage control; and (c) adaptive
dc-link voltage control with Lcn 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 Lcn can further reduce the switching noise
(*70 %; in current ripple). Figure 6.25 shows the experimental neutral inverter
currents icn, which also verifies the switching noise reduction by the adaptive dc-
link voltage control and Lcn.

Fig. 6.26a shows the performances comparison between the HAPF with and
without Lcn. With Lcn case, its compensating current tracking ability can be
enhanced, thus the HAPF can obtain a low THDisx value under low Vdc1U,

Table 6.11 Experimental inverter power loss of HAPF with fixed Vdc1u, Vdc1L = 75 V, adaptive
dc-link voltage control, and adaptive dc-link voltage control with Lcn

Inverter power loss of HAPF Fixed Vdc1U,
Vdc1L = 75 V

Adaptive dc Adaptive dc
with Lcn

Power loss (W) 1st inductive loading 41 W 37 W (50 V)
* 10 %;

35 W (25 V)
* 15 %;

1st and 2nd
inductive loading

59 W 59 W (75 V) 54 W (50 V) * 9 %;

Table 6.10 Experimental results after HAPF compensation with adaptive dc-link voltage control
and Lcn

After HAPF compensation with adaptive dc-link voltage control and Lcn

Different cases Qsxf

(var)
PF THDisx

(%)
THDvx

(%)
isx

(A)
isn

(A)
Vdc1U, Vdc1L

(V)

1st inductive loading A -59.1 0.995 5.7 0.9 5.052 0.815 25
B -88.3 0.994 5.9 0.9 5.011
C -90.4 0.994 6.4 0.9 4.962

1st and 2nd inductive
loading

A 16.5 0.999 3.4 0.9 8.073 0.839 50
B 9.7 0.998 3.6 0.8 8.017
C 4.0 0.998 4.3 0.9 8.031
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Fig. 6.24 Experimental icx of phase a with: a a fixed Vdc1U, Vdc1L = 75 V, b adaptive dc-link
voltage control, and c adaptive dc-link voltage control with Lcn
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Vdc1L = 25 V. Without Lcn case, a sufficient dc-link voltage (Vdc1U, Vdc1L C 50 V)
should be applied to ensure its current tracking ability. To obtain similar THDisx

value, the HAPF with Lcn 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 Lcn.

For the adaptive dc-link voltage-controlled HAPF with or without Lcn, due to its
reference dc voltage Vdc1

* 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 Lcn 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.

Time (s)

1st inductive loading connected

icn

N
eu

tr
al

 In
ve

rt
er

 C
u

rr
en

t 
(A

)

0 10ms 20ms 30ms 40ms 50ms

10

20

-20

-10

0

Time (s)

1st inductive loading connected

icn

N
eu

tr
al

 In
ve

rt
er

 C
u

rr
en

t 
(A

)

0 10ms 20ms 30ms 40ms 50ms

10

20

-20

-10

0

Time (s)

1st inductive loading connected

icn

N
eu

tr
al

 In
ve

rt
er

 C
u

rr
en

t 
(A

)

0 10ms 20ms 30ms 40ms 50ms

10

20

-20

-10

0

(a) (b)

(c)

Fig. 6.25 Experimental icn with: a a fixed Vdc1U, Vdc1L = 75 V, b adaptive dc-link voltage
control, and c adaptive dc-link voltage control with Lcn
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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.

4. 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-0 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.

5. A 220 V 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.

2. 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.

3. 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 pq theory
proposed by H. Akagi et al. [1, 2]. The core of pq theory is to convert the
instantaneous voltages and currents into instantaneous space vectors.

From [1], the three-phase instantaneous load voltages (va; vb; vc) and load
current (iLa; iLb; iLc) on the a-b-c coordinates can be transformed into those on the
a-b-0 coordinates by the Clarke transformation:
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For a three-phase four-wire system, the pq theory defines two instantaneous real
power p0 and pab, and an instantaneous imaginary powers qab as follows:
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The inverse transformation of (A.3) is performed as follows:
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where v2
ab ¼ v2

a þ v2
b
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where p0 is the zero-sequence instantaneous power, �p and �q are the instantaneous
active and reactive power originating from the symmetrical fundamental
component (positive-sequence) of the load current, ~p and ~q 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 a-b-0 coordinates can be
calculated as follows:
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where the term ~pab in (A.6) can easily be extracted from pab 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 a-b-0 coordinates:
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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 icx q (x ¼ a; b; c) are
determined, the final reference compensating current i�cx ¼ icx q without the dc
control. Then the final reference compensating current i�cxand the compensating
current icx 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 pq 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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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 pq theory is based on an instantaneous p/2 lag or p/2 lead of
voltage and current to define the original system as a pseudo two-phase system.
Thus, the overall system can then be easily represented in a-b coordinates. The
phase load voltage vx and load current iLx (x ¼ a; b; c) are considered as
quantities on the a-axis, whereas b-axis quantities are obtained by a p/2 lag or p/2
lead of the phase load voltage and load current [3]. The phase load voltage vx and
current iLx representation in a-b coordinates with a p/2 lag can be expressed as:
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The phase instantaneous active power pLx and reactive power qLx can be
expressed as:

pLx

qLx

� �
¼ vxa vxb

�vxb vxa

� �
� iLxa

iLxb

� �
ðA:10Þ

The pLx and qLx can also be expressed as

pLx ¼ �pLx þ ~pLx ðA:11Þ

qLx ¼ �qLx þ ~qLx ðA:12Þ

where �pLx and �qLx represent the DC components responsible for instantaneous
fundamental active and reactive power, whereas ~pLx and ~qLx represent the AC
components responsible for harmonic power.

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

icx q ¼
1
Ax
�vxa � ~pLx þ vxb � qLx

� �
ðA:13Þ

where Ax ¼ v2
xa þ v2

xb. The term ~pLx in (A.13) can easily be extracted from pLx 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 icx q (x ¼ a; b; c) are
determined, the final reference compensating current i�cx ¼ icx q without the dc
control. Then the final reference compensating current i�cx and the compensating
current icx 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 Tlimit and Linear Limit Tlinear

for HAPF Inverter Current Slope

Combining (3.4) and (3.6), the complete response of coupling capacitor voltage
vCc1xðtÞ can be derived. Then the HAPF inverter current icx can be deduced by
taking derivative of vCc1xðtÞ via (3.6). After that, taking derivative of icx will yield
the rate of change of inverter current (dicx=dt). As the initial condition of icxwill
not affect the nonlinear nature of the inverter current slope, it can be simply treated
as zero. Substitute this initial condition into dicx=dt during each switching interval,
this yields:

dicxðtÞ
dt

¼ �x2
r Cc1B1A ðA:14Þ
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where t represents each switching on or off interval (t ¼ ton or toff), xr ¼ 1=ffiffiffiffiffiffiffiffiffiffiffiffiffi
Lc1Cc1
p

; B1 is a real number and kept constant at each switching interval, and
A ¼ cos xrt. 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 ¼ cos xrt, its polarity may have
interchanging within each switching on or off interval. In addition, the nonlinear
term is mainly affected by the coupling part (Cc1; Lc1) and the switching frequency
f sw. 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 Tlimit and linear limit Tlinear that divides the HAPF into nonlinear,
quasi-linear and linear regions will be determined based on a constant reference
inverter current i�cx (di�cx=dt ¼ 0) assumption. Then the quasi-linear limit Hlimit

and linear limitHlinear for the hysteresis band can be obtained correspondingly.
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From Fig. 3.3, the quasi-linear limit Tlimit and linear limit Tlinear will be deduced
based on one switching interval (ton or toff) analysis. As the hysteresis control
method yields asymmetric switching on and off intervals during operation, by
choosing the switching frequency f sw ¼ 1=ðton þ toffÞ � 1=2Tlimit

or f sw � 1=2Tlinear, it is still possible that either switching on or off interval cannot
satisfy the limit Tlimit or Tlinear. As a result, in order to ensure that each switching
interval satisfies the limit, the switching frequency should be chosen as
f sw � 1=Tlimit or f sw � 1=Tlinear. 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 sw.

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

fsw �
1

Tlimit

; T � Tlimit and T � 1
fsw

ðA:15Þ

where Tlimit is the quasi-linear limit for each switching on or off interval.
From (A.14), the absolute error of the HAPF inverter current slope

dicx=dtj jerrorcompared with a linear one can be expressed as:

dicx

dt

����
����
error

¼ 1� cos xrtj j ðA:16Þ

From Fig. 3.3c, once dicx=dtj jerror � e% is satisfied, the inverter current slope
can be approximately treated as linear. From Fig. A.3b, if each switching interval

is less than Tlinear, it can satisfy the HAPF linear region definition dicx

dt

��� ���
error
� e %.

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

fsw �
1

Tlinear

; T � Tlinear and T � 1
fsw

ðA:17Þ

where Tlinear is the linear limit for each switching on or off interval.
From Fig. 3.3, if the current slope error limit e is set to be large, the HAPF will

result in low switching frequency and loss, but with a large operational error.
When e 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 ( dicx=dtj jerror) of
the current slope. From Fig. A.3c, when dicx=dtj jerror is desired to be decreased a
little bit more from 5 %, the switching frequency requirement will exponentially
increase a lot. In this book, e is set at 5 % because its corresponding switching
frequency is within limitation of the switching devices. Moreover, the HAPF
compensation performances under e ¼ 5 %consideration are acceptable as verified
by the simulation and experimental results in Chap. 3.
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A.4 Relationship Among Hysteresis Band H, Switching
Frequency fsw, and DC-Link Voltage Vdc1 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. A.4, the relationship among the switching
frequency fsw, hysteresis band H, dc-link voltage Vdc1 under HAPF linear region
can be derived. After simplification, the hysteresis band H value under a fixed
switching frequency fsw can be approximately expressed as:

H � Vdc1

8Lc1fsw

1� 4L2
c1

V2
dc1

m2

� �
ðA:18Þ

where m ¼ di�cx

ffi
dt is the slope of the reference inverter current i�cx.
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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 ¼ Vdc1

8Lc1 fsw

ðA:19Þ

Substituting fsw ¼ 1=Tlimit
or 1=Tlinear

into (A.19), this yields the quasi-linear limit

Hlimit or linear limit Hlinear for the hysteresis band. Under constant reference
inverter current i�cx assumption, the system operating switching frequency under
Hlimit or Hlinear will be fixed. When i�cx is not a constant value, (A.19) will yield the
HAPF maximum operating switching frequency under a fixed hysteresis band.
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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
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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 Vx 55 V
f 50 Hz

Passive part Lc1 6 mH
Cc1 70/140/190 uF

DC capacitor Cdc1 5 mF
DC-link voltage levels Vdc1u, Vdc1L 10 V

20 V
30 V
40 V
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