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Abstract: Active filters have been known as the best tools for harmonic mitigation as well as reactive power
compensation. They were developed since 1983, when one of the first prototypes based on instantaneous
power theory was reported. Many configurations such as shunt, series, hybrid (a combination of shunt and
series active filters) and Unified Power Quality Conditioner (UPQC, a combination of series and shunt active
filters) have been mtroduced and improved. With the emergence of fast computing devices, control strategies
for UPQC are continually changing aiming at near perfect compensation. Considerable attention is paid to the

reference voltage/current estimation and control strategies. In this study, several techmques are discussed and

compared in terms of performance and implementation.
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INTRODUCTION

Over the past 5 decades, the increase of non-liner
loads, such as diodes or thyristor rectifiers and
cycloconverters draw non-sinusoidal currents mto the
power system, thus contributing to the degradation of
power quality i utility or industnal power systems. Power
electronics loads (nonlinear loads) inject harmonic
currents into the ac system and increase overall reactive
power demanded by the equivalent load On the other
hand, development in digital electronics communications
and in process control has increased the number of
sensitive loads that require 1deal smusoidal supply
voltages for their proper operation (Sabin and Sundaram,
1996, Akagi, 1996, Man-Chung, 2000). Notably, voltage
distortion or voltage harmonics in the power systems
have been serious (Akagi, 1996) and the regulation of
voltage imbalance and the compensation of harmonics
become more and more important. Lots of power
electronics circuits for power quality conditioning have
been developed of all these topologies. Active Power
Filter (APF), SVC and ASVC are very popular
(Gyugy1, 1988, Juan et al., 1995). Active Power Filters are
used in industrial and commercial sectors for over 2
decades. Different topologies and control strategies have
been proposed and practiced in the past (Singh et al,
1999, El-Habrouk et al., 2000a, b, Grady, 1990). The
common goal of all these strategies is to improve dynamic
response of the controller in order to obtain better

compensation. Due to advancement of microelectronics
and Digital Signal Processing (DSP) systems,
implementation of new control techniques are becoming
feasible which were not possible in the past. Thus
effectiveness of the control strategies has been enhanced
considerably.

This study presents a review of novel control
techniques for TJPQC.

Considerable attention 1s paid to the reference
voltage/current estimation and control strategies. Several
techniques are discussed and compared in terms of
performance and implementation.

COMPENSATION STRATEGY

The general configuration of TUPQC is shown in
Fig. 1. The UPQC has the capability of improving power
quality at the point of installation on power distribution
systems or industrial power systems. The UPQC,
therefore, is expected to be one of the most powerful
solutions to large capacity loads sensitive to supply
voltage flicker/imbalance. With ideal compensation, the
voltage at PCC 1s the fundamental positive sequence
sinusoidal voltage of the power source side (Lee et al.,
2004).

The currents of the source are sinusoidal and their
phase angles are the same as the fundamental voltage in
phase, respectively. In another words, with the function
of the UPQC, the load 13 equal to a resistance. As the
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Fig. 1: General configuration of the UPQC

UPQC is a combination of series and shunt active filters,
2 active filters have different functions. The series active
filter suppresses and isolates voltage-based distortions
and the
distortions. At the same tume, it compensates reactive
current of the load and improves power factor (Fujita and
Alkagi, 1998). The voltage-type PWM inverters are
preferred to current-type inverters because of their better
efficiency and dynamics (Singh et al., 1999, Peng, 2001).
There are many control methods to determine the

shunt active filter cancels current-based

reference value of the voltage and the current.
CONTROL STRATEGY

Control strategy plays a vital role in the overall
performance of the power conditioner. Rapid detection of
disturbance signal with lugh accuracy, fast processing of
the reference signal and high dynamic response of the
controller are the prime requirements for desired
compensation. This control is realized using discrete
analog and digital devices or advanced programmable
devices, such as single-chip micro-computers, DSPs, etc.

Generation of appropriate switching pattern or gating
signal with reference to command compensating signal
determines the control strategy of the UPQC. Since
derivation of reference signal from the measured distorted
signal plays the main role, many theories and techniques
were proposed or practiced over the years. These are
either m frequency domain or in time domam. Different
modifications of the power theories have been made for
calculating the reference variables.

There are large number techmques and theories
available. Among these are:

p-q-r instantaneous power theory: This method provides
an analysis and control algorithm for a three-phase four-
wire Unified Power Quality Conditioner (UPQC) based on
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p-gr mstantaneous power theory (Fan et al., 2004). The
p-q-r theory transforms a three-phase four-wire voltage
space vector single dc voltage and the
corresponding currents into a de based active power p-
ax1s component and two unagimary power components, g-
axis and r-axis (Kim and Akagi, 1999; Kim et al., 2002a, b).

If there are harmonics and negative sequence exists
in the voltage, the calculated reference current is not
sinusoidal. In this method an extra g-axis component 1s
used to add to the original current compensation strategy
based on p-g-r theory to maintain a sinusoidal current
waveform under distorted voltage. With p-g-r theory, a
control block model of an ntegration feedback of de
power is used to maintain the average dc power to be
zero. The analysis of the effect of sampling and
quantization error on detection of dc storage voltage,
minimization of looping active power and loss power in
the TJPQC system and the consideration of power flow at
the source side can be completed in the future research
(Fan et al., 2004).

into a

An extended method based on instantaneous reactive
power theory in a rotating reference frame: The
instantaneous reactive power theory based on rotating
reference frame 1s presented by Kim and Akagi (1997,
1999), Peng et al. (1998), Peng and Lai (1996), Akagi et al.
(1999) for three-phase four-wire systems for reactive
power compensation and neutral current elimination. An
extended method 18 used for extracting the compensating
signals to suppress the harmonics and to correct the
power factor. Also, a new dc voltage control loop is used
that can be used m the presence of no integer harmonics
and flicker voltages at the pomt of active filter connection.
The active filter can improve power quality of highly and
randomly varying loads in three-phase three-wire power
systems with unbalanced voltages. In this method a three-
phase electric arc fumace model with highly varying
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erratic currents was employed as the load. The results
verify the efficiency of this method (Hsfandiari et al.,
2004).

Two control scheme models based on two different kinds
of voltage compensation strategy (Malabika et al., 2006):
In this method SHI (Shunt Inverter) control scheme
remains the same in the both schemes. Two control
schemes have been analyzed based on the different
voltage compensation schemes of the SEI (Basu, 2003).
The two control schemes are termed as UPQC-Q and
UPQC-P. UPQC-Q has the advantage of VAr sharing
between the two compensators. The SEI, while injecting
voltage to mitigate the supply voltage sag, shares a part
of load reactive power and does not consume any active
power. But at higher load power factor (=0.9), the loading
requirement of UPQC-Q is quite high due to excessive
high SHT rating. The SHI rating of the TTPQC-Q) increases
at a ligher rate to compensate the effective leading input
power factor created by quadrature voltage mjection. This
shifts the load voltage angle, seen from the utility side.
Therefore, for higher power factor loads UPQC-P rating
would be substantially lower than that of UPQC-Q. Also
UPQC-(Q cannot compensate unbalanced voltage sag. But
for applications where VAr demand is very high TTPQC-Q
could be a potential control scheme for action, as it can
effectively reduce the input power factor angle seen from
the utility side (Basu et af., 2002). The SEI control scheme
of UPQC-P is based on d-g-o component analysis.
UPQC-P can mitigate the supply voltage unbalance
problem also besides voltage sag as the mdividual
modulating signals can vary in phase because they would
be directly derived from the d-q-o component analysis.
Under balanced voltage sag condition, the load voltage
angle after compensation 1s not altered. Therefore, the SHI
of the UUPQC-P does not require compensating any
additional VAr created due to SEI control action.

Comparative loading analysis has brought useful
msight in finding the typical application of the two
different control schemes.

Switching controller method: In this method six single-
phase H- bridge inverters are used in the structure of
UPQC connected to a commen de storage capacitor. Of
these 6 inverters three of them are used for series voltage
insertion and the other three are used for shunt current
mjection. The UPQC current and voltage references are
generated based on Fourier series extraction of
fundamental sequence components using half cycle
running (moving) averaging. They also propose a Linear
Quadratic Regulator (LQR) based switching controller
scheme that tracks a reference using the proposed
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compensator (Arindam and Gerard, 2001). This method is
suitable for both utilities and customers having sensitive
loads. From the utility standpoint, it can make the current
drawn balanced sinusoidal. To accomplish this, the
voltage at the point of common coupling must be of
similar nature and also must contain the same amount of
harmomnics as the source. From the customer point of view,
the UPQC can provide balanced voltages to their
equipment that are sensitive to voltage dips. At the same
time, the UPQC also filters out the current harmonics of
the load. Therefore, the operation of UPQC is ideal from
both viewpoints.

Direct-detection method: A number of methods proposed
where the mstantaneous active and non-active powers are
calculated directly from the a-b-c phase voltages and line
currents (Monteiro et al., 2003; Peng et al., 2003). Tt
eliminates the need for complicated «p coordinate
transformation, thus reducing the computation volume
and improving the detection speed. However, this method
requires low pass filter like pf transformation.

In method proposed by Bhjszezak (1995), the exact
sinusoidal waveform of the voltage 1s stored in the
memory (EPROM).

A microcomputer system reads the voltage
values sequentially from the EPROM and compares it
with the measured waveform and gives the reference
values mstantaneously. This method does not require
calculation of an active current or voltage component
and in this way a delay in compensator response is
avoided.

Synchronous‘d-q’ reference-fame based algorithm: This
algorithm relies on the Parks transformation (Park, 1929,
Kim and Akagi, 1999) where three-phase voltage and
current signals are transformed to a synchronously
rotating frame. The active and reactive components of the
system are represented by the direct and quadrate
component, respectively. In this approach, fundamental
quantities become d-c¢ quantities (Bhattacharya et al.,
1991 ) which can be separated easily through filtering. To
implement the synchronous reference frame some kind of
synchromzing system (PLL) should be used. The system
1s very stable since the controller deals mainly with d-¢
quantities. The computation is instantaneous but incurs
time delays in filtering the d-¢ quantities. This method is
applicable only for three-phase systems. The modified
synchronous reference frame, named as ‘instantaneous
id-iq method’ is also proposed (Socares et al., 1997). This
method is similar to synchronous reference frame method
except that the transformation angle 1s obtained from the
voltage «ff components. The speed referential is no
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longer constant but it varies instantaneously depending
on the waveform of the three-phase voltage system. In
this method, no synchromzing circuit 1s needed.

Feedback control strategy based on state space average
model: The Series Power Quality Compensator (SPQC)
can mitigate voltage disturbances in forms of voltage
sags, voltage swells and voltage harmomnies. The VSIs can
inject appropriate voltage to counteract voltage
disturbances and the rectifier can keep the voltage across
the de-link capacitor to be a desired voltage and keep the
mput power factor to be unity. The performance of the
SPQC greatly depends on the control strategies.

The disadvantage of the existing open-loop control
strategy for the VSIs lies i that there 1s an error in
compensation (Ron et al., 2001). Due to the existence
the inductance and the resistance of the series filter
and the series transformer, there is error existing
nevitably. As 1s analyzed by Hui et al. (2004), the
error is greatly related to the supply current.

The feedback control strategy can minimize the
error. Designing the feedback gamn according to the
parameters of the series transformer and low pass
filter and using the source current as the feedback
signal to track the error related to the supply current,
we carn mimmize the error.

The shunt rectifier has a good performance in
regulating the voltage cross the de-link capacitor and
keeping the input power factor unity (Mahinda et al.,
2002; Zhaoan et al., 2001). If the capacity of the filter
1s 1ncreased, its functions can be expanded to
compensating the current harmonics of the load and
to supply reactive power to the load. In this way, the
rectifier can be considered to be a shunt active power
filter and the SPQC can be expanded to be a United
Power Quality Compensator (UPQC) (Peng, 2001).

Optimal control strategy based on phasor analysis: In the
fundamental of UPQC, series compensator (s¢) has been
modeled as an ideal voltage source and the phasor
synchronous link converter var compensate or (sleve) has
been modeled as in ideal current source.

A comprehensive control technique has been
designed based on the VA loading of the two
compensators, such that minimum VA loading of the two
compensators 1s ensured. This has been achieved by pre-
calculating a suitable angle of imjection voltage for the
series compensator. This also minimizes the operational
losses of the UPQC. An optimal control design for
mimmum VA loading of a UPQC has been described by
Malabika et al. (2004).
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Control algorithm based on wavelet transform: This
control algorithm 1s used to drive the UPQC to obtain the
optimum performance for current harmomecs mitigation
and voltage sag compensation. Some obtained results by
Elnady et al. (2001) are given to prove the practicability of
using wavelet as a good tool for current disturbance
extraction for the shunt part of UPQC and the manner it
could be used to detect the reduction in voltage and
generate control signal to drive the series filters to boost
up the voltage to tolerable level (Farrukh, 1995).

Control of UPQC based on mathematical modeling (by
applying moving time window method): The UPQC
considered in this method 1s a multifunction power
conditioner which can be used to compensate for various
voltage disturbances of the power supply, to correct any
voltage fluctuation and to prevent the harmomec load
current from entering the power system. The direct
compensation control method used in the series active
filter and the moving window current calculation method
used in the shunt active filter make the UPQC response
very quickly to any voltage change
(Vilathgamuwa et al., 1998).

The control technique used in the shunt active filter
not only keeps the voltage of the dc bus capacitor within

sudden

a certain range but also causes the capacitor charging
current to be obtained from the active compenent of the
supply current. Under normal operating conditions, this
capacitor charging current will be mimmeal (Joachim, 1994).
The experimental results by Vilathgamuwa et al. (1998)
have shown that this method 1s feasible although further

worl is needed to optimize the parameters of the UPQC.

Fuzzy control algorithm: Two types of the current
control techniques are proposed by Singh et al. (1998) for
the shunt inverter, one with direct current control, another
with indirect current control. The strategy for current
control of the series inverter remains the same in both of
them. Both the inverters of the UPQC are operated in
current control mode employing PWM control techmque.
With a view to have a self regulated dec bus, the cycle to
cycle energy balance 13 maintamned by employmng a
suitable closed loop control of the de bus of the UPQC.
The de link voltage is sensed at a regular interval of 60°
(time period of interrupt signal) and v, is compared with
its reference counterpart v*,.. The error signal so obtained
is processed in fuzzy PI controller. Tt is claimed
(Dixon et al., 1997, Wang and Lia, 1992) that the fuzzy
logic control yields the results which are superior to
those obtained with the conventional controllers such
as PI, SMC, PID, etc. The experimental results show the
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effectiveness of indirect cuwrrent control technique
towards the elimmation of switching ripples from the

supply current.

Conirol method based on H8: This method is based on HE
standard control of matching system that is used to
design the H8 optimal controller of power quality. By
analyzing the radical reasons of coupling effect between
TUPQC series unit and shunt unit, a simple and practical
coordinated control strategy for TJPQC series unit and
shunt vt has been obtainedby Peng et al. (2006), 1.e. by
introducing corresponding voltage corrective link directly
to UPQC series unit and shunt unit, respectively and by
suitable mode of PWM in addition, the coupling effect
between its series unit and shunt unit is eliminated fully.
Therefore, the complex degree of the whole TTPQC control
system 18 simplified greatly. Combined with a waveform
tracking control method based on H8 model matching
technology about power quality (Peng et al., 2004), the
coordinated control between UPQC series umt and
shunt unit is implemented through this strategy. The
experimental results by Peng et al. (2006) indicate that
the method can eliminate the steady-state phase shift
and amplitude attenuation of the voltage tracking
compensation of series unit and the current tracking
compensation of shunt umit for UPQC. Finally, the unified
power quality multi-function control of UPQC is achieved.
By application of a UPQC, the distribution network will
become an 1deal pure power source with lugh reliability
and premium quality for power customer and those
customers with pollution source will become qualified
customers to the distribution system.

Adaptive defection technique: This method is based on
adaptive  interference  canceling theory.  Taking
undistorted voltage signal as the reference and distorted
current signal as the primary input, it can effectively
extract the sum of total harmonics and reactive component
present in the current signal. Operating in closed-loop, it
maintains suitable operating state by continuously self-
studying and self-adjusting from start to end Karimi et al.
(2003), Shigue and Zheneheng (1995). This method is
useful in places where there are possibilities of suffering
measurement accuracy due to mnoise or parameter
variations.

But the implementation of this method is rather
complex where DSP or microcontroller/microprocessor 1is
preferable.

CONCLUSION

Most of the proposed or practiced control strategies
for power quality conditioners have been reviewed with
regard to performance and implementation. This research
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reveals that there has been a significant increase in
interest of UPQC and associated control methods. This
could be attributed to the availability of suitable power-
switching devices at affordable price as well as new
generation of fast computing devices (microcontroller and
DSP) at low cost.

Each techmique has its advantages
disadvantages. In case of reference signal calculation
under balanced and sinusoidal voltage, all the methods
give similar results. But under non-sinusoidal and
unbalanced conditions, all the methods give different
results (Marques, 1998). The direct detection method 1s
the most attractive one, as it drives simusoidal and
balanced currents on the source and is insensitive to
voltage perturbations. The control method based on HE
avoids the transformation like park transformation which
needs too much module to realize. This method offers
better performance and has been found to be promising
but the application of this method 18 complex. Selection of
any technique depends on load characteristics; accuracy
required and ease of implementation.

Although control strategies of UPQC have advanced
greatly, still more work needs to be done to maintamn near
perfect power quality as more and more sensitive as well
as complex loads are coming into the electric power
networks.

and
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