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Enhancing Electric Power Quality Using UPQC:
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Abstract—This paper presents a comprehensive review on the
unified power quality conditioner (UPQC) to enhance the electric
power quality at distribution levels. This is intended to present a
broad overview on the different possible UPQC system configura-
tions for single-phase (two-wire) and three-phase (three-wire and
four-wire) networks, different compensation approaches, and re-
cent developments in the field. It is noticed that several researchers
have used different names for the UPQC based on the unique func-
tion, task, application, or topology under consideration. There-
fore, an acronymic list is developed and presented to highlight
the distinguishing feature offered by a particular UPQC. In all
12 acronyms are listed, namely, UPQC-D, UPQC-DG, UPQC-I,
UPQC-L, UPQC-MC, UPQC-MD, UPQC-ML, UPQC-P, UPQC-
Q, UPQC-R, UPQC-S, and UPQC-VA,,;,,. More than 150 papers
on the topic are rigorously studied and meticulously classified to
form these acronyms and are discussed in the paper.

Index Terms—Active power filter (APF), harmonic compensa-
tion, power quality, reactive power compensation, unified power
quality conditioner (UPQC), voltage sag and swell compensation.

I. INTRODUCTION

T HAS been always a challenge to maintain the quality of
I electric power within the acceptable limits [1]-[7]. The ad-
verse effects of poor power quality are well discussed [1], [2],
[5]-[7]. In general, poor power quality may result into increased
power losses, abnormal and undesirable behavior of equipments,
interference with nearby communication lines, and so forth. The
widespread use of power electronic based systems has further
put the burden on power system by generating harmonics in
voltages and currents along with increased reactive current. The
term active power filter (APF) is a widely used terminology in
the area of electric power quality improvement [8]—-[10]. APFs
have made it possible to mitigate some of the major power
quality problems effectively. Extensive and well-documented
surveys on the APF technologies covering several aspects are
provided in [8]-[10]. This paper focuses on a unified power
quality condition (UPQC). The UPQC is one of the APF family
members where shunt and series APF functionalities are inte-
grated together to achieve superior control over several power
quality problems simultaneously.

This paper is intended to provide a comprehensive review
on the topic of UPQC. Over 150 publications [8]-[168] are
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critically reviewed to classify them in different categories. It is
noticed that more than half of the papers on UPQC have been
reported in the last five years, which indeed suggest the rapid
interest in utilizing UPQC to improve the quality of power at
the distribution level. These research papers are broadly clas-
sified into two major groups based on 1) physical structure of
the UPQC [7]-[168] and 2) method used to compensate sag/dip
in the source voltage [143]-[168]. It is noticed that several in-
teresting topologies/configurations can be realized to form a
UPQC system [19], [23], [39], [40], [78], [88], [108], [147].
The UPQC is then categorized based on the 1) type of con-
verter (current or voltage source); 2) supply system (single-
phase two-wire, three-phase three-wire and four-wire); and 3)
recently developed new system configurations for single-phase
and/or three-phase system. Furthermore, it is found that there
are several acronyms, such as, UPQC-P, UPQC-Q, UPQC-L,
and UPQC-R that are typically addressed by researchers. These
acronyms are very useful to give a broad overview on the re-
search aspect under consideration. Therefore, this paper aims at
developing an acronymic list to cover different UPQC aspects. In
all 12 acronyms are identified, alphabetically, UPQC-D, UPQC-
DG, UPQC-I, UPQC-L, UPQC-MC, UPQC-MD, UPQC-ML,
UPQC-P, UPQC-Q, UPQC-R, UPQC-S, and UPQC-VA,;,, . Be-
sides this, this paper also discusses the most significant control
strategies/approaches/concepts that are utilized to control the
UPQC.

II. UPQC—STATE OF THE ART

There are two important types of APF, namely, shunt APF
and series APF [8]-[10]. The shunt APF is the most promising
to tackle the current-related problems, whereas, the series APF
is the most suitable to overcome the voltage-related problems.
Since the modern distribution system demands a better quality
of voltage being supplied and current drawn, installation of these
APFs has great scope in actual practical implementation. How-
ever, installing two separate devices to compensate voltage- and
current-related power quality problems, independently, may not
be a cost effective solution. Moran [11] described a system con-
figuration in which both series and shunt APFs were connected
back to back with a common dc reactor. The topology was ad-
dressed as line voltage regulator/conditioner. The back-to-back
inverter system configuration truly came into attention when Fu-
jita and Akagi [14] proved the practical application of this topol-
ogy with 20 kVA experimental results. They named this device
as unified power quality conditioner (UPQC), and since then
the name UPQC has been popularly used by majority of the re-
searchers [15], [18], [20]-[26], [28], [29], [31]-[67], [69]-[79],
[81]-[145], [147]-[168]. The back-to-back inverter topology
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Fig. 1. UPQC general block diagram representation.

has been also addressed as series—parallel converter [12], unified
APF (UAPF) [13], universal active power line conditioner [16],
[27], universal power quality conditioning system (UPQS) [19],
load compensation active conditioner [30], [57], universal active
filter [146], and so forth.

In construction, a UPQC is similar to a unified power flow
controller (UPFC) [5]. Both UPQC and UPFC employ two volt-
age source inverters (VSIs) that are connected to a common dc
energy storage element. A UPFC is employed in power trans-
mission system whereas UPQC is employed in a power distri-
bution system, to perform the shunt and series compensation
simultaneously. However, a UPFC only needs to provide bal-
ance shunt and/or series compensation, since a power transmis-
sion system generally operates under a balanced and distortion
free environment. On the other hand, a power distribution sys-
tem may contain dc components, distortion, and unbalance both
in voltages and currents. Therefore, a UPQC should operate
under this environment while performing shunt and/or series
compensation.

The main purpose of a UPQC is to compensate for supply
voltage power quality issues, such as, sags, swells, unbalance,
flicker, harmonics, and for load current power quality problems,
such as, harmonics, unbalance, reactive current, and neutral
current. Fig. 1 shows a single-line representation of the UPQC
system configuration. The key components of this system are as
follows.

1) Two inverters—one connected across the load which acts
as a shunt APF and other connected in series with the line
as that of series APF.

2) Shunt coupling inductor Lgy, is used to interface the shunt
inverter to the network. It also helps in smoothing the
current wave shape. Sometimes an isolation transformer
is utilized to electrically isolate the inverter from the
network.

3) A common dc link that can be formed by using a capac-
itor or an inductor. In Fig. 1, the dc link is realized us-
ing a capacitor which interconnects the two inverters and
also maintains a constant self-supporting dc bus voltage
across it.

4) An LC filter that serves as a passive low-pass filter (LPF)
and helps to eliminate high-frequency switching ripples
on generated inverter output voltage.

5) Series injection transformer that is used to connect the
series inverter in the network. A suitable turn ratio is often
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considered to reduce the current or voltage rating of the
series inverter.

In principle, UPQC is an integration of shunt and series APFs
with a common self-supporting dc bus. The shunt inverter in
UPQC is controlled in current control mode such that it delivers
a current which is equal to the set value of the reference current
as governed by the UPQC control algorithm. Additionally, the
shunt inverter plays an important role in achieving required
performance from a UPQC system by maintaining the dc bus
voltage at a set reference value. In order to cancel the harmonics
generated by a nonlinear load, the shunt inverter should inject a
current as governed by following equation:

ign (wt) = i§(wt) — if (wt) (1)

where igp(w?), 5 (wt), and iy (wt) represent the shunt inverter
current, reference source current, and load current, respectively.

Similarly, the series inverter of UPQC is controlled in voltage
control mode such that it generates a voltage and injects in
series with line to achieve a sinusoidal, free from distortion and
at the desired magnitude voltage at the load terminal. The basic
operation of a series inverter of UPQC can be represented by
the following equation:

vgr(wt) = v} (wt) — vg (wt) 2)

where vg, (wt), vi (wt), and vg(wt) represent the series inverter
injected voltage, reference load voltage, and actual source volt-
age, respectively. In the case of a voltage sag condition, vg, will
represent the difference between the reference load voltage and
reduced supply voltage, i.e., the injected voltage by the series
inverter to maintain voltage at the load terminal at reference
value. In all the reference papers on UPQC, the shunt inverter is
operated as controlled current source and the series inverter as
controlled voltage source except [112] in which the operation
of series and shunt inverters is interchanged.

The UPQC system modeling aspects are discussed in [12],
[18], [22], [52], [74], [97], [104], [106], [143], [151], [156]. The
three-phase system in abc frame is transferred into synchronous
dgo frame. The system is then represented in state-space formu-
lation [12], [22], [52], [74], [106], [151]. It is observed that the
system is nonlinear on its states as well as on its outputs [73].
In [18], a UPQC mathematical model is realized using switch-
ing functions. A small signal model for the UPQC system is
developed in [97] and [154]. Rong et al. [104] have shown
that the UPQC system can be modeled as a typical switched
linear system. However, to realize the model, it is first trans-
formed as an equivalent discrete system model and then to a
linear equivalent discrete system model by states reconstruction
and linearization. Furthermore, the output feedback periodical-
switched controller is designed to stabilize the closed-loop sys-
tem. The authors in [52], [74], [104], and [154] discuss the
UPQC system modeling in detail.

The control of dc-link voltage plays an important role in
achieving the desired UPQC performance. During the system
dynamic conditions, for example, sudden load change, volt-
age sag, the dc-link feedback controller should respond as
fast as possible to restore the dc-link voltage at set reference
value, with minimum delay as well as lower overshoot. The
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Fig. 2. Pictorial view for the classification of UPQC.
proportional-integral (PI)-regulator-based dc-link voltage con-
troller is simple to implement and hence widely used by the
researches [12]-[14], [16]-[20], [22], [23], [26]-[33], [36],
(381, [40], [42], [46]-[48], [50], [54], [56], [60], [61], [64],
(671, [68], [751-{77], [811-[84], [88]-[90], [92], [94], [95],
[100], [103]-[105], [108], [109], [111]-[114], [116], [117],
[119], [122], [124], [126]-[128], [130]-[135], [137]-[139],
[143], [145]-[155], [157]-[164], [167], [168]. To overcome the
slow response time of PI-controller-based approach, researchers
have developed several alternative ways, for example, a fuzzy-
logic-based PI controller [15], [65], fuzzy-PID controller [101],
artificial-neural-network (ANN)-based controller [65], [136],
linear quadratic regulator with an integral action controller [74],
optimized controller [80], PIADy controller [91], unified dc volt-
age compensator [97], and so on.

III. UPQC CLASSIFICATION

In this section, the classification of UPQC is given. Fig. 2
shows a pictorial view for the classification of UPQC. The
UPQC is classified in two main groups: 1) based on the physical
structure and 2) on the voltage sag compensation approach used.
Former type is considered as voltage sag compensation is one
of the important functionalities of UPQC.

A. Physical Structure

The UPQC can be classified based on the physical structure
used to tackle the power quality problems in a system under
consideration. The key parameters that attribute to these classi-
fications are: 1) type of energy storage device used; 2) number
of phases; and 3) physical location of shunt and series inverters.
Recently developed new topologies and/or system configura-
tions for UPQC have been also discussed in this section.

1) Classification Based on the Converter Topology: In a
UPQC, both shunt and series inverters share a common dc link.
The shunt inverter is responsible to regulate this self-supporting
dc link at a set reference value. The UPQC may be developed
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Fig.3. CSl-based UPQC system configuration.

using a pulsewidth modulated (PWM) current source inverter
(CSI) [9]-[11], [115] that shares a common energy storage in-
ductor Lg. to form the dc link. A voltage blocking diode con-
nected in series with insulated gate bipolar transistor is required
to realize this topology Fig. 3 shows single-line representation
of a CSI-based UPQC system configuration. The dc current in
the inductor is regulated such that the average input power is
equal to the average output power plus the power losses in the
UPQC. The CSI-based UPQC topology is not popular because
of higher losses, cost, and the fact that it cannot be used in
multilevel configurations.

The second topology, a most common and popular converter
topology for UPQC, consists of PWM VSI that shares a com-
mon energy storage capacitor Cy.. Fig. 1 depicts single-line
representation of a VSI-based UPQC system configuration. Al-
most all the reported work on the UPQC dominantly uses the
VSI-based topology [12], [114]-[168]. The advantages offered
by VSI topology over CSI include lighter in weight, no need
of blocking diodes, cheaper, capability of multilevel operation,
and flexible overall control.

2) Classification Based on the Supply System: The ac loads
or equipments on the power system can be broadly divided into
single-phase and three-phase, supplied by single-phase (two-
wire) or three-phase (three-wire or four-wire) source of power.
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To mitigate the power quality problems in these systems, differ-
ent UPQC configurations are possible and are classified based on
the type of the supply system. The voltage-related power quality
problems are similar for both single- and three-phase systems
except an additional voltage unbalance compensation needed in
the case of a three-phase system. For a single-phase system, the
load reactive current and current harmonics are the major issues.
In the case of three-phase three-wire (3P3W) system, one needs
to consider current unbalance apart from reactive and harmonics
current. Furthermore, the three-phase four-wire (3P4W) system
requires an additional neutral current compensation loop.

Fig. 4 shows the most popular UPQC system configuration
to compensate the power quality problems in single-phase two-
wire (1P2W) supply system consisting of two H-bridge invert-
ers (total eight semiconductor switches) [11], [23], [37], [40],
[41], [53], [55], [64], [76], [79], [86], [104], [107], [145], [146],
[150], [155], [156], [163]. It represents the VSI-based 1P2W
UPQC topology. A CSI-based topology can also be realized
for 1P2W UPQC, as given in [11]. Nasiri and Emadi intro-
duced two additional reduced part configurations for single-
phase UPQC [40], namely, three-leg single-phase UPQC (total
six semiconductor switches) shown in Fig. 5 and half-bridge
single-phase UPQC (total four semiconductor switches) shown
in Fig. 6. These topologies can be considered for low-cost low-
power applications. In a three-leg topology, the series inverter
consists of switches S1 and S2 (leg one), whereas, switches S3
and S4 are for shunt inverter (leg two). The third leg, switches
S5 and S6, is common for both the series and shunt inverters.
The half-bridge topology consists of one leg each for shunt and
series inverters. The reduced switching devices may affect the
compensation performance of UPQC. The half-bridge topology-
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based UPQC system can be found in [57], [83], [106], [150],
[156]. Zhang et al. [93] have considered a bidirectional two H-
bridge dc/dc-isolated converter topology to isolate UPQC shunt
and series inverters from each other. The two inverters can be
connected with each other using a high-frequency transformer.
Like bidirectional-isolated dc/dc converter, the power transfer
between two inverters can be controlled by adjusting voltage
phase shift between them.

Several nonlinear loads, such as, adjustable speed drives fed
from 3P3W, current regulator, frequency converters, arc welding
machines, and arc furnace, impose combinations of previously
listed power quality problems. A 3P3W VSI-based UPQC is de-
picted in Fig. 7. It is the most widely studied UPQC system con-
figuration [12]-[15], [17]-[20], [22], [24], [26], [29], [32]-[34],
(361, [38], [39], [42], [44]-[501, [52], [54], [56], [59]-[61], [63],
[65], [67], [68], [71], [72], [74], [75], [80], [84], [87], [91],
[92], [94]-[100], [103], [109], [112], [113], [115], [117], [119],
[120], [124], [127], [131]-[139], [141], [143], [148], [149],
[151]-[153], [158], [161], [167], [168]. Apart from the three-
phase loads, many industrial plants often consist of combined
loads, such as, a variety of single-phase loads and three-phase
loads, supplied by 3P4W source. The presence of fourth wire,
the neutral conductor, causes an excessive neutral current flow
and, thus, demands additional compensation requirement. To
mitigate the neutral current in 3P4W system, various shunt in-
verter configurations have been attempted, namely, two split
capacitor (2C) [16], [30], [70], [82], [89], [114], [118], [154],
[166], four-leg (4L) [51], [108], [122], [135] and three H-bridge
(3HB) [21], [43], [49], [126].



2288

V.W,zzbz
Voae I ¢ > im‘ -
i, | \AANS Ly No&l:gear
2 ,”‘; Sensitive
[ - ZLNk Load
A A A
] | ] I
LC Filter g % L,
P
Cdcl
LT [d [
£} 4} 43T A 4} A
Series Inverter Shunt Inverter
Fig. 8. 3P4W UPQC based on 2C shunt inverter topology.
V&,abc
Vs.ab iSa ila;
g[Sy T | Nonineer
L Yy ll‘; Sensitive.
[ ZLNk Load
A A A
] ] I

LC Filter

NPV

%ﬁlﬁ

e} HCE [
L} £} Y A

c

£ H
£} 4} 4

Series Inverter

AL

Shunt Inverter

Fig. 9. 3P4W UPQC based on 4L shunt inverter topology.
vSYﬂb:
Veae Iy I -
L |MWAN Ty, NOE;'SE?'
Ly |OYY Y I Sensitive
Iy Iw | Load
HA s 7 ~
] ] |
LC Filter A J[
M

Ay

=/t

e e | e Herhe e
SRR IEEA R B R E<E

Series Inverter “H-Bridge1 ]—Téﬂa“g‘efzu o ﬁ:é;i:j_éé;_:’; -

Fig. 10.  3P4W UPQC based on 3HB shunt inverter topology.

Figs. 8-10 show the 3P4W UPQC configurations based on
2C, 4L, and 3HB topologies. The 2C topology consists of two
split capacitors on the dc side. The midpoint of the capacitor,
expected to be at zero potential, is used as connection point
for the fourth wire. In 2C topology, it is important to maintain
equal voltages across both the capacitors to avoid the flow of
circulating current. This requires an additional control loop for
dc bus capacitor voltage regulation in 2C topology.

In 4L topology, as depicted in Fig. 9, an additional leg (two
semiconductor switches) is used to compensate the load neutral
current. The 4L topology may offer better control over neutral
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current due to the dedicated fourth leg. The 3HB topology uses
three units of single-phase H-bridge inverters connected to the
same dc bus of the UPQC. Fig. 10 shows a UPQC system config-
uration where the shunt inverter consists of 3H-bridges. In [49],
the series inverter is configured as 3HB while the shunt inverter
is realized as 2C to compensate the neutral current. Similarly,
3HB configuration for series inverter for 3P3W UPQC system is
given [21], [25]. A superconducting magnetic energy storage is
integrated with 3HB series-inverter-based 3P3W UPQC system
in [126]. Furthermore, a configuration where both shunt and se-
ries inverters are realized as 3HB units (total 24 semiconductor
switches) is also possible [43], [78], [129]. A comparative study,
using 2C, 4L, and 3HB topologies for shunt active filters given
in [169] is equally applicable for the shunt part of UPQC system.
For high-voltage applications, for the reduction in UPQC system
voltage requirement by a factor of 1.732 [169], the 3HB topol-
ogy may be considered. However, such a configuration would
increase the total number of semiconductor devices, UPQC sys-
tem losses, overall size, and the cost of the system. As given
in [135], the neutral current compensation topology consisting
of 3P3W UPQC and an additional star—hexagon/T-connected
transformer to circulate the zero sequence current component
may also be considered.

3) Classification Based on the UPQC Configuration: This
section gives an overview on the different UPQC configurations.

1) Right and Left Shunt UPQC (UPQC-R and UPQC-L):
Since the UPQC has two back-to-back connected inverters, it
can be classified based on the placement of shunt inverter with
respect to series inverter. The shunt inverter can be located ei-
ther on the right (thus the name right shunt UPQC (UPQC-R))
[71-1201, [22], [23], [25], [26], [28]-{40], [42], [44]-[56],
[58]-[841, [86]-[971, [99]-[127], [129]-[144], [153]-[168] or
left (hence the name left shunt UPQC (UPQC-L)) [7], [21], [24],
[27], [41], [43], [57], [85], [98], [128], [145], [152] side of the
series inverter.

Figs. 1 and 3-10 represent UPQC-R system configuration,
while Fig. 11 shows UPQC-L configuration. Among two config-
urations, the UPQC-R is the most commonly used. In UPQC-R,
the current(s) that flow through series transformer is(are) mostly
sinusoidal irrespective to the nature of load current on the system
(provided that the shunt inverter compensate current harmonics,
reactive current, unbalance, etc., effectively). Thus, UPQC-R
gives a better overall UPQC performance compare to UPQC-L.
The UPQC-L structure is sometimes used in special cases, for
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example, to avoid the interference between the shunt inverter
and passive filters.

2) Interline UPQC (UPQC-I): Fig. 12 depicts an interest-
ing UPQC system configuration, suggested by Jindal ez al. [78],
where the two inverters of the UPQC are connected between two
distribution feeders named as interline UPQC (UPQC-I). One
of the inverters is connected in series with one of the feeders
while the other inverter in shunt with second feeder. With such
a configuration, the simultaneous regulation of both the feeder
voltages can be achieved. Furthermore, the UPQC-I can control
and manage the flow of real power between the two feeders. This
configuration, however, has certain limitations and can be used
for special cases. The current-related problems (such as har-
monics and unbalance) could be effectively compensated only
on the feeder in which the inverter is connected in shunt. Alter-
natively, the harmonics in the voltages can only be adequately
mitigated in the series-inverter-connected feeder.

3) Multiconverter UPQC (UPQC-MC): Researchers have ex-
plored the possibilities for improving the system performance
by considering additional third converter unit to support the dc
bus [17], [19], [62], [66]. To further enhance the system per-
formance, the use of storage battery or super capacitor can be
used as discussed in [17] and [66]. The third converter can be
connected in different ways, for example, in parallel with the
same feeder [17], [19], [62], [66] or in series/parallel with the
adjacent feeder [105]. Graovac et al. [19] addressed this con-
figuration as UPQS. Wong et al. [17] have named this configu-
ration as DS-UniCon (distribution system unified conditioner),
whereas, Mohammadi et al. [105] called this configuration as
MC-UPQC (Multiconverter UPQC). In MC-UPQC, the third
converter is connected in series with the adjacent feeder. Sim-
ilar to UPQC-I, the MC-UPQC can be connected between two
different feeders. In this paper, the configuration in which three
converters are utilized to realize the UPQC system is termed as
multiconverter UPQC (UPQC-MC). Fig. 13 shows a pictorial
view of UPQC-MC.
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4) Modular UPQC (UPQC-MD): A modular UPQC configu-
ration (named in this paper as UPQC-MD) introduced by Han et
al. is illustrated in Fig. 14 [147]. This configuration is realized
by using several H-bridge modules similar as connecting several
single-phase UPQC:s (eight semiconductor switches) in cascade
in each phase.

In [128] and [147], the H-bridge modules for shunt part of
UPQC are connected in series through a multiwinding trans-
former, while the H-bridges in the series part are directly con-
nected in series and inserted in the distribution line without a
series injection transformer. In [88], [110], and [128], the series
inverter H-bridges are connected in parallel and inserted in the
line through series transformers. As the number of modules in-
crease, the voltage handled by each individual H-bridge would
reduce, and thus, it can be useful in the medium voltage applica-
tion to achieve higher power levels. A double cascade H-bridge
UPQC-MD would require four H-bridges (16 semiconductor
switches) for each of the phases, i.e., 48 semiconductor switches
for a three-phase system.

5) Multilevel UPQC (UPQC-ML): Rubilar et al. have real-
ized a multilevel UPQC based on a three-level neutral point
clamped (NPC) topology [88]. In this paper, this configura-
tion is addressed as UPQC-ML. Fig. 15 shows a UPQC-ML
system configuration. A three-level topology requires double
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semiconductor devices (24) as that of the two-level UPQC sys-
tem. Similar to UPQC-MD, the UPQC-ML can be considered
as an alternative option to achieve higher power levels. Based
on the requirements, the UPQC-ML can be realized in several
levels such as 3-level, 5-level, 7-level and so on.

6) 3P3W-to-3P4W Distributed UPQC (UPQC-D): A 3PAW
distribution system is generally realized by providing a neutral
conductor along with the three power lines from substation or
by utilizing a delta—star transformer at the distribution level.
A new topology for 3P4W UPQC-based distribution system is
proposed in [108]. With this topology, it is possible to extend
the UPQC-based 3P3W system to a 3P4W system, here referred
as 3P3W to 3P4W distributed UPQC, the UPQC-D. The system
configuration of UPQC-D is given in Fig. 16. The neutral of
series transformer, used in the series part of UPQC, is considered
as a neutral for 3P4W system. Thus, even if the power supplied
by utility is 3P3W, an easy expansion to 3P4W system can be
achieved in UPQC-based applications. A fourth leg is added
to the existing 3P3W UPQC to compensate the neutral current
flowing toward transformer neutral point and it can ensure zero
current flow toward the neutral point. Thus, the transformer
neutral point can be maintained at virtual zero potential.

7) Distributed Generators Integrated With UPQC (UPQC-
DG): Solar and wind energies are emerging as alternate sources
of electricity. The UPQC can be integrated with one or sev-
eral distributed generation (DG) systems [39], [63], [86], [98],
[152]. The system configuration, thus, achieved is referred as
UPQC-DG and is illustrated in Fig. 17. As shown, the output
of DG system is connected to dc bus of the UPQC. The DG
power can be regulated and managed through UPQC to supply
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to the loads connected to the PCC in addition to the voltage
and current power quality problem compensation. Additionally,
a battery can be connected to the dc bus, such that the ex-
cess DG generated power can be stored and used as backup. In
the event of voltage interruption, the UPQC-DG system gives
additional benefit by providing the power to the load (uninter-
ruptible power supply operation). Furthermore, the DG power
can be transferred in an interconnected mode (power to the gird
and loads) or islanding mode (power to the specific loads) and
SO on.

So far, several interesting UPQC system configurations are
brought to the attention. Some of these configurations may im-
pose limitations, interface issues, increase overall circuit com-
plexity, and cost. These aspects need to be addressed ade-
quately for practical viability of these configurations. Never-
theless, these topologies give alternative options to realize the
UPQC-based system configuration in several ways.

B. Classification Based on the Voltage Sag Compensation
Approach

The voltage sag on a system is considered as one of the impor-
tant power quality problems. A special attention on mitigating
the voltage sag on a system using UPQC can be noticed. In this
section, the classification of UPQC based on the approach used
to mitigate the voltage sag is carried out. The existing literature
suggests four major methods to compensate the voltage sag in
UPQC-based applications.

1) Active Power Control (UPQC-P): In this method, active
power is used to mitigate the voltage sag and hence the name
UPQC-P (P for active/real power). In principle, to compensate
the voltage sag, an in-phase voltage component is injected in
the series with line through a series inverter [143]-[156]. This
in-phase component is equal to reduced voltage magnitude from
the desired load voltage value. In order to achieve the effective
sag compensation, the shunt inverter of UPQC draws the neces-
sary active power required by the series inverter plus the losses
associated with UPQC. Due to this, an increased source current
magnitude during voltage sag compensation in UPQC-P method
can be observed.

2) Reactive Power Control (UPQC-Q): The voltage sag can
also be mitigated by injective reactive power through a series
inverter of UPQC [157]-[159], [161], [167]. In such a case, it
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is called as UPQC-Q (Q for reactive power). The concept is to
inject a quadrature voltage through the series inverter of UPQC
such that the vector sum of source voltage and the injected
voltage equals the required rated voltage at the load bus terminal.
The shunt inverter of UPQC necessarily maintains a unity power
factor operation at the source side. Therefore, by injecting the
series inverter voltage in quadrature with the source voltage,
the need of active power to compensate the sag on the system
is eliminated. However, the resultant voltage, thus, achieved
gives phase angle shift with respect to the source voltage. To
compensate an equal percentage of sag, the UPQC-Q requires
larger magnitude of series injection voltage than the UPQC-P.
This increases the required rating of series inverter in UPQC-
Q applications. Furthermore, the UPQC-Q cannot mitigate the
swell on the system. Among the aforementioned discussed two
approaches, the UPQC-P is the most commonly used method
for voltage sag compensation in UPQC applications.

3) Minimum Volt-Ampere (VA) Loading (UPQC-VAin ): Re-
cently, there has been an attempt to minimize the UPQC VA
loading during voltage sag compensation [160]-[167]. Instead
of injecting the series voltage in quadrature or in-phase, in this
method, it is injected at a certain optimal angle with respect to
the source current. This method to compensate the voltage sag
using UPQC is abbreviated as UPQC-VA,,;, . Beside the series
voltage injection, the current drawn by the shunt inverter (to
maintain dc bus and overall power balance) needs to be taken
into account while determining the minimum VA loading of
UPQC. In [165], a comparison on VA loading to mitigate volt-
age sag using UPQC-P, UPQC-Q, and UPQC-VA,,;, methods
is carried out.

4) Simultaneous Active and Reactive Power Control
(UPQC-S): This approach is similar to UPQC-VA,,;,,, where
the series inverter delivers both active and reactive power. Un-
like the UPQC-VA,,in, in this method, the efforts are made to
utilize the available series inverter VA loading to its maximum
value. The series inverter of UPQC is controlled to perform si-
multaneous voltage sag/swell compensation and load reactive
power sharing with the shunt inverter. Since, the series inverter
of UPQC in this case delivers both active and reactive powers,
it is given the name UPQC-S (S for complex power) [168].
The control of UPQC as UPQC-S involves several control loops
and, thus, appears relatively complex to employ. However, it
can easily be implemented when controlled digitally using a
DSP [168].

Lately discussed two approaches, UPQC-VA,,;, and UPQC-
S, suggest the new era for research and development in the sub-
ject of power quality enhancement using UPQC where attempts
are being made to use the series inverter of UPQC optimally.
Furthermore, the concepts like UPQC-I, UPQC-MC, UPQC-
MD, UPQC-ML, UPQC-D, and UPQC-DG provide interesting
features that can be considered in futuristic UPQC applications.

IV. UPQC ACRONYMS

In the previous section, several acronyms of UPQC based on
the particular functionality, topology, or application have been
described. These 12 key acronyms, namely, UPQC-R, UPQC-
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TABLE I
KEY UPQC ACRONYMS

UPQC-D 3P3W to 3P4W distributed UPQC
UPQC-DG Distributed Generator integrated with UPQC
UPQC-I Interline UPQC
UPQC-L Left shunt UPQC
UPQC-MC Multi-Converter UPQC
UPQC-MD Modular UPQC
UPQC-ML Multi-Level UPQC
UPQC-P UPQC mitigates sag by controlling active power
UPQC-Q UPQC mitigates sag by controlling reactive power
UPQC-R Right shunt UPQC
UPQC-S UPQC mitigates sag by controlling both active and

reactive power. Also, load reactive power support

using both the inverters in the steady-state.
UPQC-VApn | Minimum VA loading in UPQC

L, UPQC-I, UPQC-MC, UPQC-MD, UPQC-ML, UPQC-D,
UPQC-DG, UPQC-P, UPQC-Q, UPQC-S, and UPQC-VA,,in,
are listed in Table I. These acronyms could be useful to highlight
the key features of UPQC in an application more concisely.

In general, the UPQC-I, UPQC-MC, UPQC-MD, UPQC-ML,
UPQC-D, and UPQC-DG can be based on VSI or CSI converter
topology. Additionally, these topologies can be configured as
UPQC-R or UPQC-L. Expect UPQC-D (which represents a
unique case for 3P4W system), all other configuration can be
realized for 1P2W, 3P3W, and 3P4W systems. Moreover, the
UPQC controller could be based on UPQC-P, UPQC-Q, UPQC-
VA,in, or UPQC-S approaches. Based on the aforementioned
discussed classifications, there are more than 50 possibilities in
which a UPQC can be categorized.

V. CONTROL TECHNIQUES FOR UPQC

Control strategy plays the most significant role in any power
electronics based system. It is the control strategy which de-
cides the behavior and desired operation of a particular sys-
tem. The effectiveness of a UPQC system solely depends upon
its control algorithm. The UPQC control strategy determines
the reference signals (current and voltage) and, thus, decides
the switching instants of inverter switches, such that the de-
sired performance can be achieved. There are several control
strategies/algorithm/techniques available in the existing litera-
ture those have successfully applied to UPQC systems. Fre-
quency domain methods, such as, based on the fast Fourier
transformer (FFT), are not popular due to large computation
time and delay in calculating the FFT. Control methods for
UPQC in the time domain are based on instantaneous deriva-
tion of compensating commands in the form of either voltage or
current signals. There are a large number of control methods in
the time domain. Few are briefly discussed here.

Two most widely used time-domain control techniques for
UPQC are the instantaneous active and reactive power or three-
phase pq theory [170] and synchronous reference frame method
or three-phase dg theory [171]. These methods transfer the
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voltage and current signals in ABC frame to stationary ref-
erence frame (pq theory) or synchronously rotating frame (dg
theory) to separate the fundamental and harmonic quantities. In
pq theory, instantaneous active and reactive powers are com-
puted, while, the d-g theory deals with the current independent
of the supply voltage. The interesting feature of these theories
is that the real and reactive powers associated with fundamen-
tal components (pg theory), and the fundamental component in
distorted voltage or current (dg theory), are dc quantities. These
quantities can easily be extracted using an LPF or a high-pass
filter (HPF). Due to the dc signal extraction, filtering of signals
in the o ( reference frame is insensitive to any phase shift errors
introduced by LPF. However, the cutoff frequency of these LPF
or HPF can affect the dynamic performance of the controller.
The UPQC controller based on three-phase pg can be found
in [14], [16], [17], [27], [32], [52], [98], [104], [109], [113],
[114], and [126], while dg method based controller can be found
in [12], [18], [19], [22], [25], [26], [33], [45], [47], [68], [75],
[81], [84], [88], [89], [95], [105], [111], [112], [114], [117],
[121], [128], [135], [143], [152], [153], [158], [161], and [167].
The original three-phase pg theory exhibits limitations when the
supply voltages are distorted and/or unbalanced. To overcome
these limitations, the original pgq theory has been modified and
generally referred as pgr theory. The UPQC controller based
on this modified pgr theory can be found in [49], [63], [70],
[82], [116], [131], and [147]. Furthermore, both three-phase pg
and three-phase dq theories have been modified such that the
advantages offered by these methods are widen for single-phase
APFs [172], [173] including single-phase UPQC systems [37],
[55], [79], [94], [107], [108], [130].

A simple controller scheme for UPQC, called as unit vector
template generation (UVTG), is given in [46]. The method uses
a phase-locked loop (PLL) to generate unit vector template(s)
for single-/three-phase system. The experimental evaluation of
UVTG-based single-phase system is given in [155]. On the
other hand, Khoor and Machmoum [54] have given an ana-
logical method for current and voltage perturbation detection.
This method does not need a frequency synchronizer, such as
PLL. Ghosh et al. [41] have used a pole shift control technique
for UPQC. It is a discrete-time control technique in which the
closed-loop poles are chosen by radially shifting the open-loop
poles toward the origin. One cycle control (OCC) of switching
converters concept based controller is developed for the UPQC
in [51] and [76]. The OCC controller generally uses an integra-
tor with reset feature to force the controlled variables to meet the
control goal in each switching cycle. The OCC has the advan-
tages of fast response and high precision [51]. Authors in [94]
suggest that during normal operating condition, the series in-
verter of UPQC is not utilized up to its true capacity. In order
to maximize the series inverter utilization, a concept named as
power angle control (PAC) of UPQC has been developed. The
concept of PAC of UPQC proves that with proper control of
power angle between the source and load voltages, the load re-
active power demand can be shared by both shunt and series
inverters without affecting the overall UPQC rating [94]. This
indeed helps to reduce the overall rating of the shunt inverter of
the UPQC.
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A model predictive control (MPC) that takes into account sys-
tem dynamics, control objectives, and constraints is proposed for
UPQC by Zhang et al. [125]. The MPC can handle multivariable
control problem and has relatively simple online computations.
Li et al. [62] have suggested a Hoo-based model matching con-
trol to track the inverter output waveforms for effective and
robust control of UPQC. Furthermore, Kwan et al. [106] have
given a model-based solution via Hoo loop shaping for UPQC.
The UPQC is modeled as a multi-input multioutput system to
deal with the coupling effect between the series and shunt in-
verters. Additionally, Kalman filter can be integrated to extract
the harmonics in supply voltage/load current [59], [106], [125].
Kamran and Habetler [12] have put forward a technique based
on deadbeat control in which the UPQC inverter combination
is treated as a single unit [12], [22]. The overall system can be
modeled as a single multi-input, multioutput system. This results
in improved control performance over the separately controlled
converters and/or reduced interconverter energy storage. The
system can have fast dynamic response and high steady-state
accuracy. A nonlinear control law based on linearization via ex-
act feedback theory is described for UPQC in [151] and [141].
A sliding mode controller with a constant frequency scheme is
utilized to control the series inverter of UPQC in [162]. Par-
ticle swarm optimization technique has also been utilized to
develop the controller for UPQC [99], [129], [165]. Further-
more, an ANN technique can also handle the multi-input mul-
tioutput control system effectively. Thus, the ANN technique
can be utilized to develop the controller for the UPQC to com-
pensate different voltage and/or current related problems [34],
[50], [65], [68], [69], [136],]. A feedforward ANN scheme is
reported by Banaei and Hosseini [68] to separate the harmonics
contents in the nonlinear load. In [34] and [69], a Levenberg—
Marquardt backpropagation ANN technique is used for UPQC.
The time-domain and frequency-domain techniques have cer-
tain drawbacks and limitations. To overcome their problems, a
wavelet analysis technique, a tool for fault detection, localiza-
tion, and classification of different power system transients, is
proposed by certain researchers. By using multiresolution anal-
ysis, the wavelet transform can represent a time-varying signal
in terms of frequency component. Elnady et al. [24], Forghani
et al. [77], and Karthikeyan et al. [133] have applied the wavelet
transformation technique to control UPQC.

A symmetrical component theory is generally a choice in
the UPQC applications to extract the fundamental positive-
sequence component when the system supply voltages are un-
balanced [25], [31]-[33], [43], [72]. A special attention on com-
pensating the problem of voltage flicker [14], [31], [45], [46],
[144], [155] and/or voltage unbalance [81], [117], [144], [166]
can be noticed. The UPQC could be the most effective power
quality conditioner to solve the flicker problems caused by an
arc furnace load [14], [31],] [45], [47]. The one approach could
be based on dg theory [45] or by using symmetrical compo-
nent theory [31]. The latter is more effective because the arc
furnace produces flicker in the positive-sequence voltage and
unbalance in the three phase voltages. Furthermore, for a fast
and precise detection of positive-sequence voltage under unbal-
anced source voltages, a PLL supported by synchronous double
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frame method is suggested by Rodriguez et al. [29]. Moreover,
the UPQC could be useful to enhance the fault ride through
the wind farm connected to a weak ride and/or to enhance the
overall performance of a wind farm [71], [85], [102], [153],
or even the transient performance of induction motors type of
load [100].

The kVA rating issues [21], [102], [113], [148], protection is-
sues [26], [120], reliability analysis [28], etc., are also studied for
optimized design of UPQC. Faranda and Valade [35] have given
a procedure to calculate the UPQC operating losses. In [127],
authors have used fault current limiter to reduce the UPQC rating
particularly by limiting the excessive current during the event
of a fault. Finally, it is found that throughout the development
phases of UPQC, researchers have given equal importance to
evaluate the control algorithm and overall UPQC system perfor-
mance by experimental investigation [11], [14], [22], [23], [26],
(331, [401, [42], [51], [52], [56], [571, [601, [63], [75], [80], [81],
[891, [94], [97], [107], [109], [114], [116]-[118], [120], [129],
[143]-[145], [147], [150], [155]-[157], [159], [161], [163],
[164], [167], [168]. A 250-kVA UPQC system is developed
at the Centre for the Development of Advanced Computing (C-
DAC), Thiruvananthapuram, India [75]. Additional significant
UPQC prototypes and testing at higher power ratings: 20 [14],
[42], [63], 15 [145], [164], 12 [117], 10 kVA [89], [114], and so
on.

VI. TECHNICAL AND ECONOMICAL CONSIDERATION

Technical literature on the APFs can be found since early
1970s [9]. However, the use of UPQC to enhance electric power
system quality is reported since mid 1990s [11]. Among the var-
ious power quality enhancement devices, STATCOM and few
others are commercially available [9], [174]-[178]. At the time
of writing this paper, no commercial UPQC product was avail-
able in the market. A 250-kVA prototype developed at C-DAC,
Thiruvananthapuram, India [75], is the most viable reported pro-
totype. The technology to develop commercial UPQC system
is available today; however, the overall cost and complexity of
such a system still imposes some limitations.

The capacity of small- and large-scale renewable energy sys-
tems based on wind energy, solar energy, etc., installed at dis-
tribution as well as transmission levels is increasing signifi-
cantly. These newly emerging DG systems are imposing new
challenges to electrical power industry to accommodate them
without violating standard requirements (such as, IEEE 1547,
IEEE 519) [179]-[181]. In terms of power quality, the exces-
sive feeder voltage rise due to reverse power flow from DG
system and power system stability is of significant importance.
Moreover, most of the DG systems utilize power electronic con-
verters as interfacing device to deliver the generated power to
the grid. The switching operation of these systems is contribut-
ing as increased harmonic levels both in the grid voltages and
currents [182]-[184]. The aforementioned power quality issues
suggest potential applications of UPQC in renewable-energy-
based power systems. In this paper, several UPQC configura-
tions and topologies have been discussed. Among these con-
figurations, UPQC-DG could be the most interesting topology
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for a renewable-energy-based power system. This configuration
can offer multifunctional options, namely, active power deliv-
ery from DG system to grid (normal DG operation), voltage-
and current-related power quality compensation (UPQC opera-
tion), and uninterruptible power supply operation. Commercial
products have started to appear in the market to increase the
renewable energy system connectivity by compensating some
of these problems [185], [186]. As the penetration levels of DG
system on the existing power system continue to increase, the
utilization of active compensating technologies (such as, flex-
ible ac transmission system devices and APFs) is expected to
increase gradually.

VII. CONCLUSION

A comprehensive review on the UPQC to enhance the electric
power quality at distribution level has been reported in this paper.
Recent rapid interest in renewable energy generation, especially
front-end inverter-based large-scale photovoltaic and wind sys-
tem, is imposing new challenges to accommodate these sources
into existing transmission/distribution system while keeping
the power quality indices within acceptable limits. UPQC in
this context could be useful to compensate both voltage- and
current-related power quality problems simultaneously. Differ-
ent aspects of UPQC and up to date developments in this area
of research have been briefly addressed. An effort is made to
categorize interesting features of the UPQC by organizing an
acronymic list. These acronyms could be used to clearly identify
particular application, utilization, configuration, and/or charac-
teristic of the UPQC system under study. It is desirable that this
review on UPQC will serve as a useful reference guide to the
researchers working in the area of power quality enhancement
utilizing APFs.

REFERENCES

[1] R. C. Dugan, M. F. McGranaghan, and H. W. Beaty, Electrical Power
Systems Quality. New York: McGraw-Hill, 1996.

[2] C. Sankaran, Power Quality. ~Boca Raton, FL: CRC Press, 2002.

[3] IEEE Recommended Practices and Requirements for Harmonic Control
in Electrical Power Systems, IEEE Standard 519-1992, 1992.

[4] IEEE Standard for Interconnecting Distributed Resources With Electric
Power Systems, IEEE Standard 1547-2003, 2003.

[5] N. G. Hingorani and L. Gyugyi, Understanding FACTS: Concepts and
Technology of Flexible AC Transmission Systems. —New York: Institute
of Electrical and Electronics Engineers, 2000.

[6] V.K.Sood, HVDC and FACTS Controllers—Applications of Static Con-
verters in Power Systems.  Boston, MA: Kluwer, 2004.

[7]1 A. Ghosh and G. Ledwich, Power Quality Enhancement Using Custom
Power Devices.  Boston, MA: Kluwer, 2002.

[8] H. Akagi, “Trends in active power line conditioners,” /EEE Trans. Power
Electron., vol. 9, no. 3, pp. 263-268, May 1994.

[9] B. Singh, K. Al-Haddad, and A. Chandra, “A review of active filters for

power quality improvement,” [EEE Trans. Ind. Electron., vol. 46, no. 5,

pp. 960-971, Oct. 1999.

M. El-Habrouk, M. K. Darwish, and P. Mehta, “Active power filters: A

review,” [EE Electr. Power Appl., vol. 147, no. 5, pp. 403—413, Sep.

2000.

S. Moran, “A line voltage regulator/conditioner for harmonic-sensitive

load isolation,” in Proc. Ind. Appl. Soc. Annu. Meet. Conf., Oct. 1-5,

1989, pp. 947-951.

F. Kamran and T. G. Habetler, “Combined deadbeat control of a series-

parallel converter combination used as a universal power filter,” in Proc.

Power Electron. Spec. Conf., Jun. 18-22, 1995, pp. 196-201.

[10]

[11]

[12]



2294

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

S. Muthu and J. M. S. Kim, “Steady-state operating characteristics of
unified active power filters,” in Proc. Appl. Power Electron. Conf., Feb.
23-27, 1997, pp. 199-205.

H. Fujita and H. Akagi, “The unified power quality conditioner: The inte-
gration of series and shunt-active filters,” IEEE Trans. Power Electron.,
vol. 13, no. 2, pp. 315-322, Mar. 1998.

B. N. Singh, A. Chandra, K. Al-Haddad, and B. Singh, “Fuzzy control
algorithm for universal active filter,” in Proc. Power Quality Conf., Oct.
14-18, 1998, pp. 73-80.

M. Aredes, K. Heumann, and E. H. Watanabe, “An universal active power
line conditioner,” IEEE Trans. Power Del., vol. 13, no. 2, pp. 545-551,
Apr. 1998.

M. C. Wong, C. J. Zhan, Y. D. Han, and L. B. Zhao, “A unified ap-
proach for distribution system conditioning: Distribution system unified
conditioner (DS-UniCon),” in Proc. Power Eng. Soc. Winter Meet., Jan.
23-27, 2000, pp. 2757-2762.

M. Hu and H. Chen, “Modeling and controlling of unified power quality
conditioner,” in Proc. Adv. Power Syst. Control, Operation Manage., Oct.
30-Nov. 1, 2000, pp. 431-435.

D. Graovac, V. Katic, and A. Rufer, “Power quality compensation using
universal power quality conditioning system,” /EEE Power Eng. Rev.,
vol. 20, no. 12, pp. 58-60, Dec. 2000.

Y. Chen, X. Zha, J. Wang, H. Liu, J. Sun, and H. Tang, “Unified power
quality conditioner (UPQC): The theory, modeling and application,” in
Proc. Int. Conf. Power Syst. Technol., 2000, pp. 1329-1333.

S. Chen and G. Joos, “Rating issues of unified power quality conditioners
for load bus voltage control in distribution systems,” in Proc. Power Eng.
Soc. Winter Meet., 28 Jan.—1 Feb., 2001, pp. 944-949.

S. Chen and G. Joos, “A unified series—parallel deadbeat control tech-
nique for an active power quality conditioner with full digital implemen-
tation,” in Proc. IEEE 36th Ind. Appl. Soc. Annu. Meet. Ind. Appl. Conf.,
30 Sep.—4 Oct., 2001, pp. 172-178.

M. Basu, S. P. Das, and G. K. Dubey, “Experimental investigation of
performance of a single phase UPQC for voltage sensitive and non-
linear loads,” in Proc. 4th IEEE Int. Conf. Power Electron. Drive Syst.,
Oct. 22-25, 2001, pp. 218-222.

A. Elnady, A. Goauda, and M. M. A. Salama, “Unified power quality
conditioner with a novel control algorithm based on wavelet transform,”
in Proc. Can. Conf. Electr. Comput. Eng., 2001, pp. 1041-1045.

A. Elnady and M. M. A. Salama, “New functionalities of an adaptive
unified power quality conditioner,” in Proc. Power Eng. Soc. Summer
Meet., 2001, pp. 295-300.

B. S. Chae, W. C. Lee, D. S. Hyun, and T. K. Lee, “An overcurrent
protection scheme for series active compensators,” in Proc. 27th Annu.
Conf. IEEE Ind. Electron. Soc., 2001, pp. 1509-1514.

E. H. Watanabe and M. Aredes, “Power quality considerations on
shunt/series current and voltage conditioners,” in Proc.10th Int. Conf.
Harmonics Quality Power, Oct. 6-9, 2002, pp. 595-600.

A. Pievatolo, E. Tironi, I. Valade, and G. Ubezio, “UPQC reliability
analysis,” in Proc. 10th Int. Conf. Harmonics Quality Power, Oct. 6-9,
2002, pp. 390-397.

P. Rodriguez, L. Sainz, and J. Bergas, “Synchronous double reference
frame PLL applied to a unified power quality conditioner,” in Proc. 10th
Int. Conf. Harmonics Quality Power, Oct. 6-9, 2002, pp. 614-619.

J. Prieto, P. Salmeron, J. R. Vazquez, and J. Alcantara, “A series—parallel
configuration of active power filters for VAr and harmonic compensa-
tion,” in Proc. IEEE 28th Annu. Conf. Ind. Electron. Soc., Nov. 5-8,
2002, pp. 2945-2950.

A. Elnady, W. El-khattam, and M. M. A. Salama, “Mitigation of AC arc
furnace voltage flicker using the unified power quality conditioner,” in
Proc. Power Eng. Soc. Winter Meet., 2002, pp. 735-739.

M. T. Haque, T. Ise, and S. H. Hosseini, “A novel control strategy for
unified power quality conditioner (UPQC),” in Proc. Power Electron.
Spec. Conf., 2002, vol. 1, pp. 94-98.

G. Jianjun, X. Dianguo, L. Hankui, and G. Maozhong, “Unified power
quality conditioner (UPQC): The principle, control and application,” in
Proc. Power Convers. Conf., 2002, pp. 80-85.

L. H. Tey, P. L. So, and Y. C. Chu, “Neural network-controlled unified
power quality conditioner for system harmonics compensation,” in Proc.
IEEE/PES Transmiss. Distrib. Conf. Exhib., 2002, pp. 1038-1043.

R. Faranda and I. Valade, “UPQC compensation strategy and design
aimed at reducing losses,” in Proc. IEEE Int. Symp. Ind. Electron., 2002,
pp. 1264-1270.

L. F. C. Monteiro, M. Aredes, and J. A. Moor Neto, “A control strategy
for unified power quality conditioner,” in Proc. Int. Symp. Ind. Electron.,
Jun. 9-11, 2003, pp. 391-396.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 5, MAY 2012

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[40]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

(571

[58]

[59]

M. Correa, S. Chakraborty, G. Simoes, and A. Farret, “A single phase
high frequency AC microgrid with an unified power quality conditioner,”
in Proc. IEEE Int. Symp. Ind. Electron., Jun. 9—11, 2003, pp. 956-962.
J. Liu, Y. He, Y. Ye, and X. Wang, “An unified scheme and respective
algorithms for the control of DC-linked double converters in an universal
power quality controller,” in Proc. Power Electron. Spec. Conf., Jun. 15—
19, 2003, pp. 327-332.

S. W. Park, I. Y. Chung, J. H. Choi, S. I. Moon, and J. E. Kim, “Control
schemes of the inverter-interfaced multi-functional dispersed genera-
tion,” in Proc. Power Eng. Soc. Gen. Meet., Jul. 13-17, 2003, pp. 1924—
1929.

A. Nasiri and A. Emadi, “Different topologies for single-phase unified
power quality conditioners,” in Proc. 38th Int. Appl. Soc. Annu. Meet.
Ind. Appl. Conf., Oct. 12-16, 2003, pp. 976-981.

A. Ghosh, A. K. Jindal, and A. Joshi, “Inverter control using output
feedback for power compensating devices,” in Proc. Convergent Technol.
Conf., Oct. 15-17, 2003, pp. 48-52.

P. Zhu, X. Li, Y. Kang, and J. Chen, “A novel control scheme in 2-phase
unified power quality conditioner,” in Proc. 29th Annu. Conf. IEEE Ind.
Electron. Soc., Nov. 2—-6, 2003, pp. 16917-1622.

A.Ghosh, A. K.Jindal, and A. Joshi, ““A unified power quality conditioner
for voltage regulation of critical load bus,” in Proc. Power Eng. Soc. Gen.
Meet., Jun. 6-10, 2004, pp. 471-476.

Y. Cheng and L. Philippe, “Advanced control methods for the 3-phase
unified power quality conditioner,” in Proc. Power Electron. Spec. Conf.,
Jun. 20-25, 2004, pp. 4263-4267.

J. Tlusty and V. Valouch, “Effectiveness of unified power quality condi-
tioner for flicker mitigation,” in Proc. 4th Int. Power Electron. Motion
Control Conf., Aug. 14-16, 2004, pp. 902-907.

V. Khadkikar, P. Agarwal, A. Chandra, A. Barry, and T. Nguyen, “A
simple new control technique for unified power quality conditioner
(UPQC),” in Proc. 11th Int. Conf. Harmonics Quality Power, Sep. 1215,
2004, pp. 289-293.

A. Esfandiari, M. Parniani, and H. Mokhtari, “Mitigation of electric arc
furnace disturbances using the unified power quality conditioner,” in
Proc. 30th Annu. Conf. Ind. Electron. Soc., Nov. 2-6, 2004, pp. 1469—
1474.

C. A. Sepulveda, J. R. Espinoza, L. A. Moran, and R. Ortega, “Analysis
and design of a linear control strategy for three-phase UPQCs,” in Proc.
30th Annu. Conf. IEEE Ind. Electron. Soc., Nov. 2-6, 2004, vol. 3,
pp. 3060-3065.

F. Ng, M. C. Wong, and Y. D. Han, “Analysis and control of UPQC and
its DC-link power by use of p-q-r instantaneous power theory,” in Proc.
Power Electron. Syst. Appl., Nov. 9—11, 2004, pp. 43-53.

L. H. Tey, P. L. So, and Y. C. Chu, “Unified power quality conditioner for
improving power quality using ANN with hysteresis control,” in Proc.
Int. Conf. Power Syst. Technol., Nov. 21-24, 2004, pp. 1441-1446.

G. Chen, Y. Chen, and K. M. Smedley, “Three-phase four-leg active
power quality conditioner without references calculation,” in Proc. Appl.
Power Electron. Conf., 2004, pp. 587-593.

R. Strzelecki, G. Benysek, J. Rusinski, and H. Debicki, “Modeling and
experimental investigation of the small UPQC systems,” in Proc. Com-
pat. Power Electron., Jun. 1, 2005, pp. 223-237.

J. R. Reyes, J. R. Espinoza, and C. Sepulveda, “Operating region of
single-phase UPQCs,” in Proc. Power Electron. Spec. Conf., Jun. 16,
2005, pp. 1726-1731.

M. Khoor and M. Machmoum, “Simplified analogical control of a unified
power quality conditioner,” in Proc. Power Electron. Spec. Conf., Jun.
16, 2005, pp. 2565-2570.

J. Correa, F. Farret, and M. Simoes, “Application of a modified single-
phase P-Q Theory in the control of shunt and series active filters in a
400 Hz microgrid,” in Proc. Power Electron. Spec. Conf., Jun. 16, 2005,
pp. 2585-2591.

M. Aredes, J. A. Moor, J. C. Ferreira, L. F. Monteiro, R. M. Fernandes,
and M. J. Siqueira, “A simplified control strategy for a unified power
quality conditioner prototype,” in Proc. Power Electron. Spec. Conf.,
Jun. 16, 2005, pp. 2592-2597.

J. Prieto, P. Salmeron, and R. S. Herrera, “A unified power quality con-
ditioner for wide load range: Practical design and experimental results,”
in Proc. IEEE Russia Power Technol., Jun. 27-30, 2005, pp. 1-7.

S. Chakraborty and M. Simoes, “Fuzzy ARTMAP based forecast of
renewable generation for a high frequency AC microgrid,” in Proc. 31st
Annu. Conf. IEEE Ind. Electron. Soc., Nov. 6, 2005, pp. 1-6.

K. Kwan, P. So, and Y. Chu, “Unified power quality conditioner for
improving power quality using MVR with Kalman filters,” in Proc. 7' h
Int. Power Eng. Conf., Nov. 29-Dec. 2, 2005, pp. 980-985.



KHADKIKAR: ENHANCING ELECTRIC POWER QUALITY USING UPQC: A COMPREHENSIVE OVERVIEW

[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

R. Strzelecki, J. Rusinski, and M. Jarnut, “Properties, simulation and
experimental investigation of the series—parallel active power filters,” in
Proc. Eur. Conf. Power Electron. Appl., 2005, pp. 1-9.

S. Hongchun, L. Zuquan, Y. Jilai, and X. Liang, “A novel control strategy
for UPQC,” in Proc. Transmiss. Distrib. Conf. Exhib., 2005, pp. 1-6.
P.Li, Q. Bai, B. Zhao, and Y. Yang, “Power quality control center and its
control method,” in Proc. Transmiss. Distrib. Conf. Exhib., 2005, pp. 1-6.
B. Han, B. Bae, H. Kim, and S. Baek, “Combined operation of unified
power-quality conditioner with distributed generation,” [EEE Trans.
Power Del., vol. 21, no. 1, pp. 330-338, Jan. 2006.

A.Kazemi, M. Sarlak, and M. Barkhordary, ““An adaptive noise canceling
method for single-phase unified power quality conditioner,” in Proc. 1st
IEEE Conf. Ind. Electron. Appl., May 24-26, 2006, pp. 1-6.

A. J. Laxmi, G. T. Das, K. U. Rao, K. Sreekanthi, and K. Rayudu,
“Different control strategies for unified power quality conditioner at load
side,” in Proc. Ist IEEE Conf. Ind. Electron. Appl., May 24-26, 2000,
pp. 1-7.

P. Li, Q. Bai, and G. Li, “Coordinated control strategy for UPQC and
its verification,” in Proc. IEEE Power Eng. Soc. Gen. Meet., Jun. 2006,
pp. 1-8.

V. Khadkikar, A. Chandra, A. Barry, and T. Nguyen, “Application of
UPQC to protect a sensitive load on a polluted distribution network,” in
Proc. Power Eng. Soc. Gen. Meet., Jun. 2006, pp. 1-6.

M. R. Banaei and S. H. Hosseini, “Mitigation of current harmonic using
adaptive neural network with active power line conditioner,” in Proc.
IEEE 5th Int. Conf. Power Electron. Motion Control Conf., Aug. 14-16,
2006, pp. 1-5.

M. Zhou, J. R. Wan, Z. O. Wei, and J. Cui, “Control method for power
quality compensation based on Levenberg—Marquardt optimized BP neu-
ral networks,” in Proc. IEEE Sth Int. Conf. Power Electron. Motion
Control Conf., Aug. 14-16, 2006, pp. 1-4.

T. Zhili, L. Xun, C. Jian, K. Yong, and D. Shanxu, “A direct control
strategy for UPQC in three-phase four-wire system,” in Proc. Power
Electron. Motion Control Conf., Aug. 14-16, 2006, pp. 1-5.

N. G. Jayanti, M. Basu, M. E. Conlon, and K. Gaughan, “Optimising the
rating of the UPQC for applying to the fault ride through enhancement
of wind generation,” in Proc. 41st Int. Univ. Power Eng. Conf., Sep. 6-38,
2006, pp. 123-127.

A. Kazemi, A. Mokhtarpour, and M. Haque, “A new control strategy for
unified power quality conditioner (UPQC) in distribution systems,” in
Proc. Int. Conf. Power Syst. Technol., Oct. 22-26, 20006, pp. 1-5.

C. A. Sepulveda, J. R. Espinoza, L. M. Landaeta, and C. R. Baier,
“Operating regions comparison of VSC-based custom power devices,”
in Proc. 32nd Annu. Conf. IEEE Ind. Electron. Soc., Nov. 6-10, 2006,
pp. 5344-5349.

L. M. Landaeta, C. A. Sepulveda, J. R. Espinoza, and C. R. Baier, “A
mixed LQRI/PI based control for three-phase UPQCs,” in Proc. 32nd
Annu. Conf. Ind. Electron. Soc., Nov. 9-10, 2006, pp. 2494-2499.

R. S. Kumar and P. Ganesan, “250 kVA unified power quality controller,”
in Proc. TENCON, Nov. 14-17, 2006, pp. 1-4.

K. Vadirajacharya, P. Agarwal, and H. O. Gupta, “Unified constant fre-
quency integration control of universal power quality conditioner,” in
Proc. Power Electron. Drive Energy Syst., Dec. 12-15, 2006, pp. 1-5.
M. Forghani and S. Afsharnia, “Online wavelet transform-based control
strategy for UPQC control system,” IEEE Trans. Power Del., vol. 22,
no. 1, pp. 481491, Jan. 2007.

A. K. Jindal, A. Ghosh, and A. Joshi, “Interline unified power quality
conditioner,” IEEE Trans. Power Del., vol. 22, no. 1, pp. 364-372, Jan.
2007.

S. Chakraborty, M. Weiss, and M. Simoes, “Distributed intelligent energy
management system for a single-phase high-frequency AC microgrid,”
IEEE Trans. Ind. Electron., vol. 54, no. 1, pp. 97-109, Feb. 2007.

H. Zhang, J. Liu, X. Huang, and Z. Wang, “Design of a new DC link
voltage controller for universal power quality controllers,” in Proc. Appl.
Power Electron. Conf., Feb. 25-Mar. 1, 2007, pp. 473-477.

K. Nohara, A. Ueda, A. Torii, and K. Doki, “Compensating characteris-
tics of a series-shunt active power filter considering unbalanced source
voltage and unbalanced load,” in Proc. Power Convers. Conf., Apr. 2-5,
2007, pp. 1692-1697.

T. Zhili, L. Xun, C. Jian, K. Yong, and Z. Yang, “A new control strategy of
UPQC in three-phase four-wire system,” in Proc. IEEE Power Electron.
Spec. Conf., Jun. 17-21, 2007, pp. 1060—-1065.

M. S. Khoor and M. Machmoum, “A novel single-phase reduced parts
on-line UPS with power quality conditioning capability,” in Proc. Power
Electron. Spec. Conf., Jun. 17-21, 2007, pp. 1170-1175.

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

2295

J. Turunen and H. Tuusa, “Improvement of the voltage compensa-
tion performance of the series active power filter using a simple
PI-control method,” in Proc. Eur. Power Electron. Appl., Sep. 2-5, 2007,
pp. 1-9.

N. Jayanti, M. Basu, M. Conlon, and K. Gaughan, “Performance com-
parison of a left shunt UPQC and a right shunt UPQC applied to enhance
fault-ride-through capability of a fixed speed wind generator,” in Proc.
Eur. Power Electron. Appl., Sep. 2-5, 2007, pp. 1-9.

R. Mastromauro, M. Liserre, and A. Dell’ Aquila, “Single-phase grid-
connected photovoltaic systems with power quality conditioner func-
tionality,” in Proc. Power Electron. Appl., Sep. 2-5, 2007, pp. 1-11.

1. Axente, M. Basu, and M. Conlon, “A control approach for UPQC con-
nected to weak supply point,” in Proc. 42nd Int. Univ. Power Eng.Conf.,
Sep. 4-6, 2007, pp. 619-623.

1. Rubilar, J. Espinoza, J. Munoz, and L. Moran, “DC link voltage un-
balance control in three-phase UPQCs based on NPC topologies,” in
Proc.42nd Ind. Appl. Soc. Annu. Meet. Ind. Appl. Conf., Nov. 5-8, 2007,
pp. 597-602.

X. Li, G. Zhu, S. Duan, and J. Chen, “Control scheme for three-phase
four-wire UPQC in a three-phase stationary frame,” in Proc. 33rd Annu.
Conf. IEEE Ind. Electron. Soc., Nov. 5-8, 2007, pp. 1732-1736.

J. Mufioz, J. Reyes, J. Espinoza, I. Rubilar, and L. Moran, “A novel
multi-level three-phase UPQC topology based on full-bridge single-
phase cells,” in Proc. 33rd Annu. Conf. IEEE Ind. Electron. Soc., Nov.
5-8, 2007, pp. 1787-1792.

L. Zuquan and S. Hongchun, “A novel PIADy controller and its ap-
plication in UPQC DC voltage control,” in Proc. 3rd Int. Conf. Electr.
Utility Deregulation Restruct. Power Technol., Apr. 69, 2008, pp. 1859—
1862.

H. Djeghloud, H. Benalla, and A. Bentounsi, “Supply current and load
voltage distortions suppression using the unified power quality condi-
tioner,” in Proc. Syst., Signals Devices, Jul. 20-22, 2008, pp. 1-6.

Y. Zhang, S. Zhang, and J. Chen, “The applications of bidirectional full-
bridge DC-DC isolated converter in UPQC,” in Proc. Int. Conf. Electr.
Mach. Syst., Oct. 17-20, 2008, pp. 1916-1921.

V. Khadkikar and A. Chandra, “A new control philosophy for a unified
power quality conditioner (UPQC) to coordinate load-reactive power
demand between shunt and series inverters,” IEEE Trans. Power Del.,
vol. 23, no. 4, pp. 2522-2534, Oct. 2008.

N. G. Jayanti, M. Basu, K. Gaughan, and M. E. Conlon, “A new config-
uration and control of doubly fed induction generator (UPQC-WG),” in
Proc. 34th Annu. Conf. IEEE Ind. Electron., Nov. 10-13, 2008, pp. 2094—
2099.

F. Mekri, M. Machmoum, N. A. Ahmed, and B. Mazari, “A fuzzy hys-
teresis voltage and current control of an unified power quality condi-
tioner,” in Proc. 34th Annu. Conf. IEEE Ind. Electron., Nov. 10-13,
2008, pp. 2684-2689.

X. Huang, J. Liu, and H. Zhang, “A unified compensator design based on
instantaneous energy equilibrium model for the DC link voltage control
of UPQC,” in Proc. Appl. Power Electron. Conf., Feb. 15-19, 2009,
pp. 1577-1582.

M. Davari, S. M. Ale-Emran, H. Yazdanpanahi, and G. B. Gharehpetian,
“Modeling the combination of UPQC and photovoltaic arrays with multi-
input single-output DC-DC converter,” in Proc. Power Syst. Conf. Expo.,
Mar. 15-18, 2009, pp. 1-7.

H. Shen, J. Wan, C. Yuan, Y. Liu, and G. Li, “Harmonic signal detection
algorithm in parallel of UPQC studies based on PSO-FUZZY,” in Proc.
Asia-Pacific Power Energy Eng. Conf., Mar. 27-31, pp. 1-4.

P. Javanbakht and M. Abedi, “The enhancement of transient performance
of cascaded induction motors using UPQC,” in Proc. IEEE Int. Electr.
Mach. Drives Conf., May 3-6, pp. 405-412.

R. Liu, N. Xia, and X. Wang, “The research on fuzzy-PID control in
unified power quality conditioner,” in Proc. 4th IEEE Int. Conf. Ind.
Electron. Appl., May 25-27, 2009, pp. 821-824.

N. G. Jayanti, M. Basu, M. F. Conlon, and K. Gaughan, “Rating require-
ments of the unified power quality conditioner to integrate the fixed speed
induction generator-type wind generation to the grid,” IET Renewable
Power Generation, vol. 3, no. 2, pp. 133—143, Jun. 2009.

S. M. R. Rafiei, R. Asadi, G. Griva, and R. Bojoi, “Optimal unified power
quality conditioner with improved compensation performance under dis-
torted voltages,” in Proc. IEEE Bucharest PowerTech, Jun. 28-Jul. 2,
2009, pp. 1-8.

Y. Rong, C. Li, H. Tang, and X. Zheng, “Output feedback control of
single-phase UPQC based on a novel model,” IEEE Trans. Power Del.,
vol. 24, no. 3, pp. 1586-1597, Jul. 2009.



2296

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

H. R. Mohammadi, R. Y. Varjani, and H. Mokhtari, “Multiconverter
unified power-quality conditioning system: MC-UPQC,” [EEE Trans.
Power Del., vol. 24, no. 3, pp. 1679-1686, Jul. 2009.

K. H. Kwan, Y. C. Chu, and P. L. So, “Model-based H-oco control of a
unified power quality conditioner,” IEEE Trans. Ind. Electron., vol. 56,
no. 7, pp. 2493-2504, Jul. 2009.

S. Chakraborty and M. G. Simoes, “Experimental evaluation of active
filtering in a single-phase high-frequency AC microgrid,” IEEE Trans.
Energy Convers., vol. 24, no. 3, pp. 673—682, Sep. 2009.

V. Khadkikar and A. Chandra, “A novel structure for three-phase four-
wire distribution system utilizing unified power quality conditioner
(UPQC),” [EEE Trans. Ind. Appl., vol. 45, no. 5, pp. 1897-1902,
Sep./Oct. 2009.

M. Aredes and R. M. Fernandes, “A dual topology of unified power qual-
ity conditioner: The iUPQC,” in Proc. 13th Eur. Conf. Power Electron.
Appl., Sep. 8-10, 2009, pp. 1-10.

J. A. Munoz, R. R. Espinoza, L. A. Moran, and C. R. Baier, “Design
of a modular UPQC configuration integrating a components economical
analysis,” IEEE Trans. Power Del., vol. 24, no. 4, pp. 1763-1772, Oct.
2009.

M. Brenna, R. Faranda, and E. Tironi, “A new proposal for power quality
and custom power improvement: OPEN UPQC,” [EEE Trans. Power
Del., vol. 24, no. 4, pp. 2107-2116, Oct. 2009.

A. Vahabzadeh, H. Vadizadeh, F. A. Asl, and F. Kadkhoda, “Use of
unified power quality conditioner in Khoozestan—Iran steel complex net-
work, a case study,” in Proc. 31st Int. Telecommun. Energy Conf., Oct.
18-22, 2009, pp. 1-6.

A. H. Moghadasi, H. Heydari, and M. Salehifar, “Reduction in VA rat-
ing of the unified power quality conditioner with superconducting fault
current limiters,” in Proc. Ist Power Electron. Drive Syst., Feb. 17-18,
2010, pp. 382-387.

M. Kesler and E. Ozdemir, “A novel control method for unified power
quality conditioner (UPQC) under non-ideal mains voltage and unbal-
anced load conditions,” in Proc. Appl. Power Electron. Conf.,Feb.21-25,
pp. 374-379.

P.E. Meliin, J. R. Espinoza, J. A. Mufioz, C. R. Baier, and E. E. Espinosa,
“Decoupled control of a unified power quality conditioner based on a
current source topology for fast AC mains disturbance compensation,”
in Proc. IEEE Int. Conf. Ind. Technol., Mar. 14-17, 2010, pp. 730—
736.

F. Wu and S. Pei, “Analysis and research of control strategy and signal
detection based on UPQC,” in Proc. 2nd Int. Workshop Intell. Syst. Appl.,
May 22-23, 2010, pp. 1-4.

I. Axente, J. N. Ganesh, M. Basu, M. F. Conlon, and K. Gaughan, “A 12-
kVA DSP-controlled laboratory prototype UPQC capable of mitigating
unbalance in source voltage and load current,” [EEE Trans. Power
Electron., vol. 25, no. 6, pp. 1471-1479, Jun. 2010.

T. Zhili and D. Zhu, “A new control strategy for three-phase four-wire
UPQC when voltage fluctuating on its DC side,” in Proc. 2nd IEEE
Int. Symp. Power Electron. Distrib. Generation Syst., Jun. 16-18, 2010,
pp. 190-195.

N. Sakai and T. Ohnishi, “Series-shunt power quality compensator by
phase follow-up inverter control,” in Proc. IEEE Int. Power Electron.
Conf., Jun. 21-24, 2010, pp. 1281-1286.

1. Axente, M. Basu, M. F. Conlon, and K. Gaughan, “Protection of unified
power quality conditioner against the load side short circuits,” /ET Power
Electron., vol. 3, no. 4, pp. 542-551, Jul. 2010.

J. A.Muiioz, J. R. Espinoza, E. E. Espinosa, C. R. Baier, and P. E. Meliin,
“Design of a discrete-time linear control scheme for a modular UPQC,”
in Proc. IEEE Int. Symp. Ind. Electron., Jul. 4-7, 2010, pp. 2563—
2568.

C. A. Molina, J. R. Espinoza, E. E. Espinosa, F. A. Villarroel, and J.
A. Hidalgo, “Refined control of an unified power quality conditioner
under nonlinear and asymmetrical loads,” in Proc. IEEE Int. Symp. Ind.
Electron., Jul. 4-7, pp. 2581-2586.

J. Puga and J. Ferreira, “Series-shunt power active filter for high pene-
tration of embedded production one dynamic approach,” in Proc. IEEE
Int. Symp. Ind. Electron., Jul. 4-7, 2010, pp. 2587-2592.

S. Srinath, M. P. Selvan, and K. Vinothkumar, “Comparative evaluation
of performance of different control strategies on UPQC connected distri-
bution system,” in Proc. Int. Conf. Ind. Inf. Syst., Jul. 29—Aug. 1, 2010,
pp. 502-507.

X. Zhang, W. Zhang, Y. Lv, W. Liu, and Q. Wang, “Unified power
quality conditioner with model predictive control,” in Proc. Sth Int. Conf.
Comput. Sci. Educ., Aug. 24-27, 2010, pp. 1239-1244.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 5, MAY 2012

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

A. Moghadasi, S. M. Torabi, and M. Salehifar, “Performance evaluation
of unified power quality conditioner with SMES,” in Proc. Power Quality
Conf., Sep. 14-15, 2010, pp. 1-6.

A. Moghadasi, S. M. Torabi, and M. Salehifar, “Combined operation of
the unified power quality conditioner with SFCL and SMES,” in Proc.
Power Quality Conf., Sep. 14-15, 2010, pp. 1-7.

N. Farokhnia, S. H. Fathi, and H. R. Toodeji, ““Voltage sag and unbalance
mitigation in distribution systems using multi-level UPQC,” in Proc.
Power Quality Conf., Sep. 14-15, 2010, pp. 1-5.

S. B. Karanki, M. K. Mishra, and B. K. Kumar, “Particle swarm
optimization-based feedback controller for unified power-quality con-
ditioner,” IEEE Trans. Power Del., vol. 25, no. 4, pp. 2814-2824, Oct.
2010.

Y. Pal, A. Swarup, and B. Singh, “A comparison of single-phase p-q
theory and UVT based control algorithms for single-phase UPQC,” in
Proc. Annu. IEEE India Conf., Dec. 17-19, 2010, pp. 1-4.

K. Palanisamy, J. S. Mishra, I. J. Raglend, and D. P. Kothari, “Instanta-
neous power theory based unified power quality conditioner (UPQC),” in
Proc. Int. Conf. Power Electron. Drives Energy Syst., Dec. 20-23, 2010,
pp. 1-5.

M. H. Abardeh and R. Ghazi, “A new reference waveform estimation
strategy for unified power quality conditioner (UPQC),” in Proc. IEEE
Int. Energy Conf. Exhib., Dec. 18-22, 2010, pp. 704-709.

N. Karthikeyan, M. K. Mishra, and B. K. Kumar, “Complex wavelet
based control strategy for UPQC,” in Proc. Int. Conf. Power Electron.
Drives Energy Syst., Dec. 20-23, 2010, pp. 1-6.

Y. Pal, A. Swarup, and B. Singh, “Performance of UPQC for power
quality improvement,” in Proc. Int. Conf. Power Electron. Drives Energy
Syst., Dec. 20-23, 2010, pp. 1-7.

Y. Pal, A. Swarup, and B. Singh, “A comparative analysis of three-phase
four-wire UPQC topologies,” in Proc. Int. Conf. Power Electron. Drives
Energy Syst, Dec. 20-23, 2010, pp. 1-6.

V. G. Kinhal, P. Agarwal, and H. O. Gupta, “Performance investigation of
neural-network-based unified power-quality conditioner,” [EEE Trans.
Power Del., vol. 26, no. 1, pp. 431-437, Jan. 2011.

Y. Pal, A. Swarup, and B. Singh, “Flexible control of UPQC for selective
compensation of power quality problems,” in Proc. India Int. Conf. Power
Electron., Jan. 28-30, 2011, pp. 1-8.

P. J. Paul, I. J. Raglend, and T. R. Prakash, “Constant frequency-unified
power quality conditioner,” in Proc. Emerging Trends Electr. Comput.
Technol., Mar. 23-24, 2011, pp. 1-8.

N. Hari, K. Vijayakumar, and S. S. Dash, “A versatile control scheme
for UPQC for power quality improvement,” in Proc. Emerging Trends
Electr. Comput. Technol., Mar. 23-24, 2011, pp. 453-458.

A. Mokhtatpour and H. A. Shayanfar, “Power quality compensation as
well as power flow control using of unified power quality conditioner,”
in Proc. Power Energy Eng. Conf., Mar. 25-28, 2011, pp. 1-4.

A. E. Leon, S. J. Amodeo, J. A. Solsona, and M. 1. Valla, “Non-linear
optimal controller for unified power quality conditioners,” [ET Power
Electron., vol. 4, no. 4, pp. 435-446, Apr. 2011.

S. P. Pei and Y. G. Chen, “The control and compensation strategy re-
search of unified power quality conditioner,” in Proc. Int. Conf. Consum.
Electron. Commun. Netw., Apr. 16-18, 2011, pp. 1775-1778.

M. Vilathgamuwa, H. Y. Zhang, and S. S. Choi, “Modelling, analysis
and control of unified power quality conditioner,” in Proc. Harmonics
Quality Power, Oct. 14-18, 1998, pp. 1035-1040.

M. Gong, H. Liu, H. Gu, and D. Xu, “Active voltage regulator based
on novel synchronization method for unbalance and fluctuation compen-
sation,” in Proc. 28th Annu. Conf. IEEE Ind. Electron. Soc., Nov. 5-8,
2002, pp. 1374-1379.

H. Ryoo, G. Rim, T. Kim, and D. Kisek, “Digital-controlled single-phase
unified power quality conditioner for non-linear and voltage sensitive
load,” in Proc. 30th Annu. Conf. IEEE Ind. Electron. Soc., Nov. 2-6,
2004, pp. 24-29.

J. Eakburanawat, P. Darapong, U. Yangyuen, and S. Po-ngam, “A simple
control scheme of single phase universal active filter for power quality
improvement,” in Proc. IEEE TENCON, Nov. 21-24, 2004, pp. 248—
251.

B. Han, B. Bae, S. Baek, and G. Jang, “New configuration of UPQC for
medium-voltage application,” IEEE Trans. Power Del., vol. 21, no. 3,
pp. 1438-1444, Jul. 2006.

V. Khadkikar, A. Chandra, A. Barry, and T. Nguyen, “Analysis of power
flow in UPQC during voltage sag and swell conditions for selection of
device ratings,” in Proc. Can. Conf. Electr. Comput. Eng., May 2006,
pp. 867-872.



KHADKIKAR: ENHANCING ELECTRIC POWER QUALITY USING UPQC: A COMPREHENSIVE OVERVIEW

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

V. Khadkikar, A. Chandra, A. Barry, and T. Nguyen, “Conceptual study
of unified power quality conditioner (UPQC),” in Proc. IEEE Int. Symp.
Ind. Electron., Jul. 9—13, 2006, pp. 1088-1093.

B. R. Lin and C. L. Huang, “Implementation of a shunt-series compen-
sator for nonlinear and voltage sensitive load,” in Proc. Power Electron.
Motion Control Conf., Aug. 14-16, 2006, pp. 1-5.

J.Le, Y. Xie, Z. Zhi, and C. Lin, “A nonlinear control strategy for UPQC,”
in Proc. Int. Conf. Electr. Mach. Syst., Oct. 17-20, 2008, pp. 2067-2070.
H. Toodeji, S. H. Fathi, and G. B. Gharehpetian, “Power management
and performance improvement in integrated system of variable speed
wind turbine and UPQC,” in Proc. Int. Conf. Clean Electr. Power, Jun.
9-11, 2009, pp. 609-614.

M. F. Farias, P. E. Battaiotto, and M. G. Cendoya, “Wind farm to weak-
grid connection using UPQC custom power device,” in Proc. IEEE Int.
Conf. Ind. Technol., Mar. 14-17, 2010, pp. 1745-1750.

T. Zhili and Z. Dongjiao, “Design of dc voltage controller for UPQC by
using its small signal model,” in Proc. Electr. Control Eng., Jun. 25-27,
2010, pp. 3572-3575.

V. Khadkikar, A. Chandra, A. O. Barry, and T. D. Nguyen, ‘“Power
quality enhancement utilising single-phase unified power quality con-
ditioner: Digital signal processor-based experimental validation,” [ET
Power Electron., vol. 4, no. 3, pp. 323-331, Mar. 2011.

R. Rajasree and S. Premalatha, “Unified power quality conditioner
(UPQC) control using feed forward (FF)/ feedback (FB) controller,” in
Proc. Int. Conf. Comput., Commun. Electr. Technol. Conf., Mar. 18-19,
2011, pp. 364-369.

M. Basu, S. P. Das, and G. K. Dubey, “Performance study of UPQC-Q
for load compensation and voltage sag mitigation,” in Proc. IEEE 28th
Annu. Conf. Ind. Electron. Soc., Nov. 5-8, 2002, pp. 698-703.

V. Khadkikar and A. Chandra, “A novel control approach for unified
power quality conditioner Q without active power injection for voltage
sag compensation,” in Proc. IEEE Int. Conf. Ind. Technol., Dec. 15-16,
2006, pp. 779-784.

M. Basu, S. P. Das, and G. K. Dubey, “Investigation on the performance
of UPQC-Q for voltage sag mitigation and power quality improvement at
a critical load point,” IET Generation, Transmiss. Distrib., vol. 2, no. 3,
pp. 414-423, May 2008.

M. Basu, M. Farrell, F. Conlon, K. Gaughan, and E. Coyle, “Optimal
control strategy of UPQC for minimum operational losses,” in Proc.
39th Int. Univ. Power Eng., Sep. 6-8, 2004, pp. 246-250.

M. Yun, W. Lee, I. Suh, and D. Hyun, “A new control scheme of unified
power quality compensator-Q with minimum power injection,” in Proc.
30th Annu. Conf. IEEE Ind. Electron. Soc., Nov. 2—6, 2004, pp. 51-56.
Y. Kolhatkar, R. Errabelli, and S. Das, “A sliding mode controller based
optimum UPQC with minimum VA loading,” in Proc. Power Eng. Soc.
Gen. Meet., Jun. 12-16, 2005, pp. 871-875.

Y. Kolhatkar and S. Das, “Experimental investigation of a single-phase
UPQC with minimum VA loading,” [EEE Trans. Power Del., vol. 22,
no. 1, pp. 371-380, Jan. 2007.

D. Kisck, V. Navrapescu, and M. Kisck, “Single-phase unified power
quality conditioner with optimum voltage angle injection for minimum
VA requirement,” in Proc. IEEE Int. Symp. Ind. Electron., Jun. 17-21,
2007, pp. 2443-2448.

G. S. Kumar, P. H. Vardhana, B. K. Kumar, and M. K. Mishra, “Mini-
mization of VA loading of unified power quality conditioner (UPQC),” in
Proc. Power Eng., Energy Electr. Drives, Mar. 18-20, 2009, pp. 552-557.
G. S. Kumar, B. K. Kumar, and M. M. Kumar, “Optimal VA loading of
UPQC during mitigation of unbalanced voltage sags with phase jumps
in three-phase four-wire distribution system,” in Proc. Int. Conf. Power
Syst. Technol., Oct. 24-28, 2010, pp. 1-8.

W. C. Lee, D. M. Lee, and T. K. Lee, “New control scheme for a unified
power-quality compensator-Q with minimum active power injection,”
IEEE Trans. Power Del., vol. 25, no. 2, pp. 1068-1076, Apr. 2010.

V. Khadkikar and A. Chandra, “UPQC-S: A novel concept of simultane-
ous voltage sag/swell and load reactive power compensations utilizing
series inverter of UPQC,” IEEE Trans. Power Electron., vol. 26, no. 9,
pp. 2414-2425, Sep. 2011.

V. Khadkikar, A. Chandra, and B. Singh, “Digital signal processor im-
plementation and performance evaluation of split capacitor, four-leg and
three H-bridge-based three-phase four-wire shunt active filters,” IET
Power Electron., vol. 4, no. 4, pp. 463—470, Apr. 2011.

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]
[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

2297

H. Akagi, Y. Kanazawad, and A. Nabae, “Instantaneous reactive power
compensators comprising switching devices without energy storage com-
ponents,” [EEE Trans. Ind. Appl., vol. 20, no. 3, pp. 625-630, May/Jun.
1984.

S. Bhattacharya and D. Divan, “Synchronous frame based controller
implementation for a hybrid series active filter system,” in Proc. 30th
Ind. Appl. Soc. Annu. Meet. Ind. Appl. Conf., Oct. 8-12, 1995, pp. 2531—
2540.

J.Liu, J. Yang, and Z. Wang, ““A new approach for single-phase harmonic
current detecting and its application in a hybrid active power filter,” in
Proc. 25th Annu. Conf. IEEE Ind. Electron. Soc., 1999, pp. 849-854.

V. Khadkikar, A. Chandra, and B. N. Singh, “Generalized single-phase
p-q theory for active power filtering: Simulation and DSP based exper-
imental investigation,” [ET Power Electron., vol. 2, no. 1, pp. 67-78,
Jan. 2009.

PCS100 STATCOM, 100 kVAr to 10 MVAr, dynamic reactive power
compensation, ABB Power Systems, Stockholm, Sweden, pp. 1-4, 2011.
PCS100 AVC, 160 kVA to 30 MVA, active voltage conditioner, ABB
Power Systems, Stockholm, Sweden, pp. 1-4, 2011.

Power Delivery Solutions for the Intelligent Grid, American Supercon-
ductor Corporation, Devens, MA, USA, AMSC_UTILBRO_1208_A4,
pp. 1-6, 2008.

Static Var Compensator (SVC), Series Compensation (SC), and SVC
Plus, Siemens, Erlangen, Germany. Available: www.siemens.com
Static VAR Compensator (SVC/SVG), Mitsubishi Electric Corporation,
Tokyo, Japan. Available: www.mitsubishielectric.com

R. Walling, R. Saint, R. Dugan, J. Burke, and L. Kojovic, “Summary of
distributed resources impact on power delivery systems,” [EEE Trans.
Power Del., vol. 23, no. 3, pp. 1636-1644, Jul. 2008.

R. Zavadi, N. Miller, A. Ellis, E. Muljadi, E. Camm, and B. Kirby,
“Queuing up,” [EEE Power Energy Mag., vol. 5, no. 6, pp. 47-58,
Nov./Dec. 2007.

C. Masters, “Voltage rise: The big issue when connecting embedded
generation to long 11 kV overhead lines,” Power Eng. J., vol. 16, no. 1,
pp. 5-12, Feb. 2002.

J. Dolezal, P. Santarius, J. Tlusty, V. Valouch, and F. Vybiralik, “The
effect of dispersed generation on power quality in distribution system,”
in Proc. IEEE PES/CIGRE Int. Symp. Quality Security Electr. Power Del.
Syst., Oct. 8-10, 2003, pp. 204-207.

A. Oliva and J. Balda, “A PV dispersed generator: A power quality
analysis within the IEEE 519,” IEEE Trans. Power Del., vol. 18, no. 2,
pp- 525-530, Apr. 2003.

J. Enslin and P. Heskes, “Harmonic interaction between a large number
of distributed power inverters and the distribution network,” IEEE Trans.
Power Electron., vol. 19, no. 6, pp. 1586—1593, Nov. 2004.

D-VAR RT System for meeting grid interconnection P. O. 12.3 require-
ments, American Superconductor Corporation, Devens, MA, pp. 1-2,
2009.

STATCOM solutions for wind farms—meeting the grid code, ABB Power
Systems, Stockholm, Sweden, pp. 1-8.

Vinod Khadkikar (S’06-M’09) received the B.E.
degree from the Government College of Engineer-
ing, Dr. Babasaheb Ambedkar Marathwada Univer-
sity, Aurangabad, India, in 2000, the M.Tech. de-
gree from the Indian Institute of Technology Delhi,
New Delhi, India, in 2002, and the Ph.D. degree from
the Ecole de Technologie Supérieure, Montréal, QC,
Canada, in 2008, all in electrical engineering.

From December 2008 to March 2010, he was a
Postdoctoral Fellow at the University of Western On-

AN
. tario, London, ON, Canada. Since April 2010, he has

been an Assistant Professor at the Masdar Institute of Science and Technology,
Abu Dhabi, UAE. From April 2010 to December 2010, he was a visiting faculty
at the Massachusetts Institute of Technology, Cambridge. His research interests
include applications of power electronics in distribution systems and renewable
energy resources, grid interconnection issues, power quality enhancement, and
active power filters.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


