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1. INTRODUCTION

The basic input of life relies on different form of energy. Electricity is a sign of flexible life and this
energy source demand is expanding rapidly. A smooth supply of the electrical energy must be ensured
stringently by mitigating the power quality issues to utilize this energy efficiently. Power quality is a
comprehensive expression which comprehends different categories of disturbances related to voltage and
current such as harmonic current, voltage sag/swell, voltage unbalance, flicker and low-quality power factor
etc. The penetration of power electronic loads has been increased due to the rapid advancement of power
industries. Among these loads, large variable frequency drives (VFD), arc furnaces and heavy rectifiers are
the loads utilized in the industry and they draw non-linear currents from the AC grid. Nowadays, harmonics
problems are widespread not only in industrial applications but in commercial building as well. This is due to
the new power conversion technologies utilized regularly like switch mode power supply (SMPS) that can be
observed in power electronic devices such as computers, printers, servers and so on. These power electronics
devices generate non-linear currents which are responsible for voltage distortion at the PCC specifically in
the distribution system. The voltage quality issues are responsible for additional heating on capacitor banks,
false triggering electronic system, malfunctioning and so on [1-3]. Modern distribution systems are facing
major issues regarding the power quality problems at grid part and load part. Since the latest domestic and
industrial components respond critically to voltage disturbances, the equipment can be terminated for a short
period of voltage sag which results complete termination of an industrial process. Therefore, power quality
compensation turned to be an unavoidable requirement in the distribution system [4]. The power companies
and the researchers are extensively investigating the solutions to power quality problems [5]. Flexible AC
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transmission system (FACTS) devices, for instance active power filters (APFs) and the static compensators
(STATCOMs) are one of the leading technologies convenient for the commercial and industrial purposes.
These FACTS devices are considered to solve these power quality problems [6-8].

Passive filters (PFs) were used to solve the harmonic grid problem for many years [9]. PFs with
reduced cost solution of power quality problems, are regarded as the preliminary progress of the
compensation of the current harmonics [10, 11]. The next stage of progress is the utilization of APFs which
solved the drawbacks of PFs significantly. The utilization of shunt APF has been an efficient technique to
compensate power quality problems. Although, shunt APF can regulate load voltage, but it injects reactive
power. Therefore, the shunt APF is not capable of regulating PCC voltage and also fails to maintain unity
power factor for the grid current. Hybrid power filter (HPF) is the later development, which is a combination
of shunt APFs with PFs. However, the power system capacity demand is increasing, so the rating, size and
the cost of APFs are significantly expanded.

According to the IEEE 519 [12] standard, several custom power devices are introduced [13-17].
These devices are designed to be installed in the consumer side to surpass the power quality problems. Since
the sensitive loads have higher voltage quality requirements, the series APFs have been utilized in the
commercial buildings and small apartments [18, 19]. In comparison with shunt and series APFs, UPQC is
constructed with a series and parallel compensators connected together back to back can execute load voltage
regulation and at the same time maintaining the grid current sinusoidal. With the extended significance on
distribution generation and microgrids, the interest on UPQC has stimulated [20, 21]. Among the custom
power devices, UPQC is able to keep the critical load (advanced medical instruments, elevator, digital
communication networks etc.) protected from the voltage related power quality problems [22, 23].

The vital task in the controller part of the UPQC is reference signal generation. Several techniques
are utilized to generate the reference signal. Among them, the frequency domain techniques and the time
domain techniques are extensively utilized by the researchers. Due to the reduced computation requirements
the time domain strategies are generally used in real time implementation. Instantaneous reactive power
theory (p-q theory), theory of instantaneous symmetrical component and the synchronous reference frame
theory (d-q theory) are widely utilized techniques.

In this paper, a three phase UPQC is introduced in terms of design and performance. In the series
compensator a simple DVR circuit with PLL is used. On the other hand, the performance of the UPQC is
enhanced by using the d-q theory in the controller section of shunt compensator. Besides, a simple hysteresis
controller-based series compensator is used. The main features of the proposed system are, a) the voltage and
the current quality is maintained simultaneously and b) stability is ensured under several conditions of
voltage harmonics, voltage sags/swells and unbalanced load. The proposed system outcome is analyzed
substantially using MATLAB-Simulink software.

2. RESEARCH METHODOLOGY

The UPQC structure is displayed in Figure 1. The structure is constructed for a three-phase system.
The UPQC model is designed with a back to back connection of a series compensator and a shunt
compensator and a common DC-link which is shared by both the compensator. The series compensator
operates as a controlled voltage source and compensate the voltage sags/swells for the grid. On the other
hand, the shunt compensator acts as a controlled current source and compensate the harmonic current for the
load. Inductor is used between the series compensator and the distribution system and same design is
followed for the shunt compensator. The harmonics generated by the converter’s switches are filtered using
the ripple filters. A three-phase bridge rectifier is used as a non-linear load in the system.

2.1. Design of UPQC
2.2.1.Voltage magnitude of DC-link

The modulation depth and the phase voltage of the system gives the magnitude of DC-link voltage
V. The minimal voltage magnitude of the DC-link required to be twice or more than the per-phase voltage
peak of the three-phase system [1] and formulated as,

2v2V
Vae ==5" (M

Where, V is the grid line voltage and the depth of modulation (m) is taken as 1. Considering a line
voltage of 415 V, the needed minimum value DC-bus voltage is 677.7 V. The DC-bus voltage is set at 1000
V.
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2.2.2.Series injection transformer

The series compensator is installed between the grid and the load terminal utilizing three single
phase isolation transformers attached in star across the inverter and connected in series with the grid lines. To
obtain minimum harmonics with the series compensator, the modulation index needs to be kept at near unity.
The rating of the each series transformer is 4 KVA. A RC filter with a small capacity is added across the
series transformer’s secondary side to remove the high switching ripple component in the inverter injected
voltage.
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Figure 1. System Configuration UPQC.

2.2.3.Inductor linked with series and shunt compensator

The estimation of the inductor linked with the series and shunt compensator relies on DC-link
voltage, switching frequency and ripple current. Inductor value [24] with the series compensator is expressed
as,

= V3xmV g _ V3x1x1000 — 6mH @)
12afsely  12x1.2X10000X2
Here, modulation index, m=1, overloading factor, a= 1.2, switching frequency, fee = 10 kHz, Vgc =
1000V and I, is the ripple current of the inductor which is twenty percent of the grid current.
And the value of the interfacing inductor [24] with the shunt compensator expressed as,

_ BxmVge _ V/3x1X1000x1
F T 12afsplrpp  12X1.2X10000X18

= 6.7 mH (3)

Here, inductor ripple current lrp, is twenty percent of the rms value of the phase current of shunt
compensator.

3. CONTROL OF UPQC

The shunt compensator and the series compensator are the major part of UPQC model. The shunt
compensator mitigates the load harmonics and the load reactive power. The series compensator secures the
load from the voltage disturbances created by the grid, for instance voltage harmonics, sags and swells. The
series compensator acts as a controlled voltage source and inject the suitable voltage.
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3.1. Control of series compensator

Several compensation technique for the series controller is described in [25, 26]. The injected
voltage by the series compensator is maintained to be same phase with the grid in this project. The series
compensator inject the minimum required voltage . In Figure 2, the series compensator configuration is
displayed. To obtain the fundamental component of PCC, a Phase locked loop (PLL) is utilized to generate
the reference waveform. The reference signals for the series compensator is obtained by comparing between
the PCC voltage and the load voltage. Using these signals, the hysteresis controller produces appropriate
gating signals for the voltage source converter (VSC) of the series compensator.

sinfu2%pi'3)

sin(u+2*pi/3}

Hysteresis
Controller

Gate Pulses
Series VSC

Figure 2. Control Structure of Series Compensator

3.2. Control of Shunt Compensator

The load current is compensated by the shunt compensator. DC-link voltage is stabilized by utilizing
a Pl-controller at the generated reference. The shunt compensator does the extraction of the fundamental
element of the load current for the load compensation. The configuration of the shunt compensator is
depicted in Figure 3. A PLL circuit is used to extract the phase and frequency data of the grid voltage and
using these data the load currents of abc domain are converted to d-q-0 domain. The DC component (I «) is
extracted from the d-element of the load current (I q) by utilizing a low pass filter. The fundamental element
of the DC component is represented in abc reference. The d-axis reference grid current [*sq is achieved using
the following expression,

ls*d = ILdf — Ligss “4)
The reference grid current (I*sg) is transferred to abc domain. Gate pulses for voltage source inverter (VSI)

are generated by using a hysteresis current controller. The hysteresis current controller compare the identified
grid currents with the reference grid currents.
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Figure 3. Control Structure of Shunt Compensator
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4. SIMULATION STUDIES

To examine the performances of UPQC for steady state and dynamic condition, MATLAB-
Simulink software is used. A nonlinear three-phase bridge rectifier is considered for the simulation. The
simulation run on several dynamic conditions for instance harmonics, swell and sag in the PCC voltage.

4.1. Operation of UPQC at unbalanced PCC voltage

The output results of UPQC is shown in Figure 4. The several output waveforms are PCC voltage
(Vs), load voltage (VL), series compensator voltage (Vsg), DC-bus capacitor voltage (Vc), grid current (ls),
load current (1) and shunt compensator current (lsy). The 5% order and 7" order harmonics are injected from
the source between 0.1s and 0.15s. There is a voltage sag of 0.5pu between 0.2s and 0.25s and 1.5pu of
voltage swell occurred between 0.3s and 0.35s. Grid voltage compensation has done by the series
compensator under unbalanced PCC voltage conditions. The load voltage is maintained at the rated voltage
condition. An appropriate voltage Vse is injected in opposite phase with the disturbances of grid voltage.
Thus, the compensation for the grid voltage is obtained by the series compensator. Besides, an appropriate
compensated current is generated and injected and a sinusoidal grid current is maintained by the shunt
compensator.
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Figure 4. Operation of UPQC under voltage harmonics, swell and sag condition

4.2. Operation of UPQC for unbalanced load

The performance of UPQC is depicted in Figure 7 considering unbalanced load. The phase ‘a’ of the
load is disconnected at t= 0.4s. The sinusoidal grid current can be observed clearly from Figure 7. The
harmonics spectrum and the THD for the load current is displayed in Figure 5 and the harmonics spectrum
and THD for the grid current is displayed in Figure 6. It can be noticed that the load current THD is 47.9%
and the THD for the grid current is 3.59%, therefore IEEE-519 standard [12] requirement is obtained.
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Figure 7. Operation of UPQC under voltage harmonics, swell and sag condition during unbalance load
condition

5. CONCLUSION

The three-phase UPQC have been studied in terms of design and its dynamic operation under
conditions of harmonics, voltage sags/swell and unbalanced load. It can be noticed that the harmonics are
compensated which was created by nonlinear load and IEEE-519 standard for the grid current is maintained.
The stability of the system is ensured under voltage harmonics, voltage sags/swells and unbalanced load. It
can be concluded that UPQC integrated with the distribution generation can be a good solution to enhance
the power quality of the modern distribution system.
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