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Abstract

Unified power quality conditioner is one of the advanced forms of power conditioning
device, which is a combination of back to back connected series APF and shunt active
power filter (SAPF) connected to a common DC link voltage. This topology will facilitates
this device to have a reduced dc-link voltage without reducing its compensation
capability. This device is mainly used in improving the power quality. For the
improvement of power quality (PQ) complications in a 3-phase 4-wire distribution
system, two topologies are presented. In this paper a four-leg voltage source inverter
(VSI) based topology of a four-wire UPQC is discussed in this work. The performance of
each topology of this device is evaluated for different PQ problems such as voltage
harmonic mitigation, load balancing, source neutral current mitigation, current harmonic
mitigation, and power-factor correction. The main purpose this device is to compensate
load current and supply voltage imperfections. Converter and control analysis is
presented together with the results showing the modes of operation. Detailed design
aspect of the series capacitor and VSI parameters has been discussed in this paper. For
better power quality improvement the PI controller is replaced by the fuzzy controller and
the results are verified. The proposed topology enables UPQC to compensate current
harmonics, voltage sags, and voltage swells with a reduced DC-link voltage without
reducing its compensation capability by resolving the circuit in MATLAB/SIMULINK
software.

Keywords: Fuzzy controller, Power quality, UPQC, Load balancing, voltage sags,
voltage swells, APF

1. Introduction

UPQC topology with reduced DC-link voltage is proposed in this paper. The
interfacing inductor of the shunt active filter is connected in series with the capacitor (Cy).
The series capacitor will enables us in the reduction in DC-link voltage requirement of the
shunt active filter and simultaneously it compensates the reactive power required by the
load in the system, which will maintain a unity power factor in the system, without
compromising the performance of the series capacitor. This will allows us to match the
DC-link voltage requirements of both series and shunt active filters in the UPQC device
with a common DC-link capacitor. Further, in this topology the neutral of the system will
be connected to negative terminal of the DC bus which will avoids the requirement of the
fourth leg in VSI of the shunt active filter of UPQC as a result and also enables the
independent control of each leg in the shunt VSI of UPQC with a single DC capacitor.
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There are different topologies were reported in the literature of three-phase four-wire
UPQC which use active compensation for the reduction of source neutral current along
with other PQ problems. For the reduction of source neutral current, the use of passive
elements is advantageous than the active compensation due to less complexity and
ruggedness. There are lots of techniques proposed for the compensation of neutral current
such as using a star-delta transformer in a three-phase four-wire distribution system and
some of these have been limited. The application of star-delta transformer along with an
APF is used for the reduction of harmonic current in the neutral conductor. A filter
operated with a three single-phase transformers with a capacitor has been used for
removing harmonic current from the neutral conductor and has been limited. Another
scheme by taking a six-phase system, with the help of two transformers which are
connected in anti-phase has been described for canceling third harmonic current in the
neutral conductor. The star-delta transformer along with a half-bridge PWM inverter and
a diode rectifier is also studied for the compensation of neutral current. For the reduction
of source neutral current along with other current based distortions, a combination of
readily available three-leg VSI with star-delta transformer has been studied in the
literature for 3P-4W DSTATCOM [11, 12]. Unfortunately, for the reduction of neutral
current the performance of the star-delta transformers is affected to an amount under
unbalanced or distorted source voltages, which is very common in general. The UPQC is
one of the key CPDs, which will takes care of both current and voltage based distortions
simultaneously. Therefore, for neutral current reduction a combination of star-delta
transformer with UPQC is more validated. In this paper, a simple star-delta configuration
is utilized for the mitigation of source neutral current, while other options such as T-
connected or zig-zag transformers or T-connected transformer which will require
specially designed transformers.
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Figure 1. Equivalent Circuit of Neutral-Clamped VSI Topology-based UPQC.

The proposed and conventional topologies of the UPQC are discussed in detail. Figure
1 shows the power circuit of the neutral-clamped VSI topology-based UPQC which is
regarded as the conventional topology in this study. Despite of this, this topology will use
two dc storage devices, each leg of the VVSI will be controlled independently, and tracking
will be smooth with less number of switches when compared to other VSI topologies.
Here the source voltages of phases a, b, and c, are Vg, Vs, and V. respectively. Similarly,
terminal voltages are Vi, Vi, and Vi.. The injected voltages of series active filter are Vgyra,
Vaub, and Vaue. The three phase source currents are shown by i, is,, and is, and load
currents are shown by iy, i, and i.. The shunt active filter currents are represented by iz,
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i, i, and iy, represents the current in the neutral leg. Ry and L describe the feeder
resistance and inductance, respectively. The interfacing resistance and inductance of the
shunt active filter are represented by R; and Ly, respectively, and the filter capacitor and
the interfacing inductance of the series active filter are represented by C. and L,
respectively. The load is having both nonlinear and linear loads as shown in this Figure 1.
The dc-link capacitors and the voltages across them are given by Cgc; = Cycz = Cyc and Ve
= Vye2 = Vg, respectively, and the total dc-link voltage is given by Vapus(Vacr + Vacz = 2Vge)-

2. System Configuration

The system under consideration for three-phase, four wire distribution system is shown
in Figure 2. The connection of UPQC is made before the load to make the source and the
load voltage free from any disturbances. At the same time, the reactive current drawn
from the source at source side would be in phase with utility voltages. Supply is made to
realize that the voltage harmonics in the source voltage by switching on/off the three-
phase diode bridge rectifier. The UPQC, carried on by using two VSIs, is shown in Figure
3: one VSI acts as the series APF and the other as the shunt APF. The shunt APF is
performed by using a three-phase, four-leg VSI, and the series APF is carried on by using
a three-phase, three-leg VSI. Both APFs are shares a common dc link between them. The
four-leg, VSI based shunt active filter is having a capability of load balancing, mitigating
the harmonics in the source currents, power-factor correction and negative sequence of
the source current.
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Figure 3. UPQC Carried Out by
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3. Three Phase Four Wire UPQC

Figure 4 shows a 3P-4W UPQC topology, which is feeds a combination of non-linear
and linear unbalanced load. The shunt and series APFs are being realized by using two
readily available three-leg VSIs. The dc links of both APFs has been connected to a
common dc link capacitor. The series APF is being connected in between the supply and
load terminals using three single phase transformers which having a turn’s ratio of 5:1.
The primary windings of these transformers are star connected and the secondary
windings have connected in series with the three-phase supply. In addition to this it
provides the required injecting voltages, these transformers are also used to filter the
switching ripple content in the series APF. A small capacity rated R-C filter has
connected in parallel with the secondary of each series transformer is to eliminate the high
switching ripple content in the series APF injected voltages. The voltage source inverters
for both the APFs are implemented by using Insulated gate Bipolar Transistors (IGBTS).
In Fig.1 (s, i, ifcy), (isa dspy dsc), and (ipa, i, i) represents the shunt APF currents, load
currents and source currents in phases a, b and c respectively.

The load neutral current, source neutral current, and neutral current of the additional
connected transformers are being shown by i, is, and i, respectively. The injected
voltages by the series APF’s in phase a, b and c are given by Viga, Vinp and Vi,
respectively. In this topology, a star-delta transformer is being connected in shunt near the
load for the reduction of the source neutral current. The delta connected secondary will
give us a circulating path to the zero sequence current (i,) in case of unbalanced load and
hence the supply neutral current will be reduced to zero. The load under consideration is
having a combination of non-linear and linear loads. Two single-phase R-L loads are
taken as unbalanced linear load, where as a three-phase diode bridge rectifier with a
resistive load on dc side will considered as a non-linear load.
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Figure 4. Detailed Configuration of Proposed 3P-4W UPQC.

Series Active Filter

Dynamic Voltage Restorer is one of custom power device mainly used for maintaining
the load voltage at constant in the distribution system. DVR is having two operating
modes. In normal operating mode it is in standby mode in which voltage injection is zero
by DVR. Most of the time DVR will be in standby mode and hence it reduces the losses,
As soon as control circuit will detects the any voltage disturbance, reference voltage will
be generated for a required magnitude, duration and phase is injected through the
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injection transformer. This mode of DVR is called as injecting mode. This injection
should satisfy the following equation

V =Vst+V

Where Vs will be the source voltage, Vy; will be the injected voltage by DVR and V
will be the load voltage. Fig 5 shows the basic configuration and operation of DVR which
having an injection transformer, Voltage Source Converter (VSC), storage device, control
system and harmonic filter.

Shunt Active Filter

In general nonlinear loads will require harmonic current Iy from the main supply
along with a fundamental current I_r. This causes the main supply to operate at a
frequency above the normal 50Hz or 60Hz and by doing, it will create a negative phase-
sequence component which is not needed.

The shunt active filter will be considered as a current source element because it injects
non-sinusoidal current I, through the parallel branch of the network in order to minimize
the current harmonic demand of the nonlinear load. The role of the active filter controller
is to sense and watch the load currents and to suitably determine the correct reference
harmonic current for the inverter. Once the correct reference harmonic content is found;
this reference current is fed through a suitable current controller and then it will sent to
the inverter for the injection into the network. Figure 6 .shows the principle of shunt
active filter and its basic concept.

Vs | B
Injection Load . e .
Source Transformer o Is ks kel [F+is
N 8AR > ’
sag
Voltage Vi
Vigj .
t . > W
AR A Filter o s Noo-lmear
Load
‘ SAF
M Contol | [ vsC
Circuit l
It

Figure 5. Structure of DVR Figure 6. Principle of Shunt Sctive filter

4. Fuzzy Controller

The internal structure of the control circuit of fuzzy is shown in Figure 7. The control
scheme will consists of limiter, Fuzzy controller, and three phase sine wave generator
which generates reference current and switching signals. The peak value of reference
currents will be estimated by regulating the DC link voltage. The actual capacitor voltage
will be compared with a set of reference values. The error signal is then processed over a
Fuzzy controller, which contributes to zero steady error in tracking the reference current
signal.

A fuzzy controller will convert a linguistic control strategy into an automatic control
strategy, and fuzzy rules are constructed by expert or experience in knowledge database.
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Firstly, the input reference voltage Vgc.rer and the input voltage Vg have been placed of
the angular velocity to be the input variables of the fuzzy logic controller. Then the output
variable of the fuzzy logic controller will be presented by the control Current I TO
convert these numerical variables into linguistic variables, the following seven fuzzy
levels or sets are chosen as: ZE (zero), PS (positive small), PM (positive medium), PB
(positive big) NB (negative big), NM (negative medium), and NS (negative small), as

shown in Figure 8.
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Figure 8. (a) Input V4. Normalized Membership Function; (b) Input Vgc.ref
Normalized Membership Function; (c) Output |, Normalized Membership

Function.

Table 1: Rule base

fe NL |{NM | NS | EZ | PS |PM | PL
NL | NL | NL | NL | NL |[NM | NS | EZ
NM | NL | NL | NL [NM | NS | EZ | PS
NS |NL | NL INM | NS | EZ | PS | PM
EZ | NL |[NM | NS | EZ | PS |PM | PL
PS [NM| NS |EZ | PS |PM|PL |PL
PM|NS|EZ|PS|PM|PL|PL]|PL
PL |NL |[NM | NS | EZ|PS |PM]|PL
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5. Results and Discussions

The performance of the proposed control strategy was evaluated by computer

simulation using Matlab/Simulink Platform. Here simulation is carried out in different
cases;

1. Conventional converter with Pl controller.

2. Proposed converter with fuzzy controller.

Case-1 Conventional converter with PI controller:
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Figure 10. Simulation Results before Compensation (a) Load Currents (b)
Terminal Voltages
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Figure 11. Simulation Results using Conventional Topology (a) DC
Capacitor Voltages (top and bottom) (b) Source currents after
compensation (c) Voltage across the interfacing inductor in phase-a of the
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shunt active filter (d) Shunt active filter currents (e) Terminal voltages with

sag, DVR injected voltages and load voltages after compensation

Case-2. Control Circuit for Proposed Converter with Fuzzy Controller:
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Figure 12. Shows the Control Model of Proposed Converter with Fuzzy
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Figure 14. Simulation results using modified topology (a) DC capacitor
voltages (b) Source currents after compensation (c) Voltage across the
interfacing inductor in phase-a of the shunt active filter (d) Shunt active
filter currents (e) Terminal voltages with sag, DVR injected voltages and

load voltages after compensation.
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Figure 15. Shows the FFT Analysis of (a) Source Current Pl Controller THD
Value is 2.62%, (b) Source Current with Fuzzy Controller THD Value is
1.23%.

The source current in the conventional topology is having more distortions compared
with the proposed topology. The load voltages and voltages injected by the DVR in the
proposed topology are improved compared with the conventional topology. The source
current in the proposed topology is having less distortion compared to the conventional.
The settling time and rise time is improved in proposed topology. Finally The THD is
improved with the fuzzy controller which improves power quality as a result.

6. Conclusion

UPQC topology have been proposed in this paper which having the capability to
compensate the voltage swells, voltage sags and current harmonics at the load at a lower
DC-link voltage by using different control strategies for series and shunt APF’s. The
proposed method is validated through MATLAB simulation. The topology gives the
advantages of both the neutral clamped topology and the four leg topology. THD’s are
lesser in the source currents.
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