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1. INTRODUCTION

Environmental pollution and energy crises are becoming increasingly important for the industries to
adopt sustainable energy generation methods in a system. In recent years, the utilization of renewable energy
resources have become important factors in generating electricity due its cost effectiveness in reducing
emissions [1]. However, with the advent of energy conversion systems in renewable resources, power
electronic devices plays a major role to improve power quality problems to the end-users through various
implementation of control algorithm [2]. The power quality problems are among the crucial factors that has
an adverse impact to the business sectors and this occurs due to the massive usage of electronics equipment
such as the programmable logic controller (PLC), light emitting diode (LED) and many others [3]. The power
quality problems may instigate to a disturbance in distribution network that will deteriorate the economic
productivity leading to huge financial losses [4, 5]. This is because 92% of the interruptions in the industrial
sectors are due to power quality problems of voltage sag [6-8].

On the other hand, a small-scale electricity distribution network known as microgrid, connected
with energy sources such as renewable energy, is combined with power electronics system in such a way that
to provide electricity for a small community. Microgrid is a stand-alone controllable working power station
consisting clusters of load and distribution generators. A typical microgrid operates in two modes i.e., a) a
grid connected mode wherein the collaborative power is synchronized with the conventional grid and, b) an
islanded mode in which the microgrid is operating independently to serve the power to a small community. A
microgrid system is installed with distributed energy resources (DERs) such as hydro-turbine, photovoltaic or
wind generators with immediate energy storage, loads, and power electronic converters [9, 10].
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This paper presents the microgrid consisting of dynamic voltage restorer (DVR) connected with the energy
storage and hydro-turbine generator responding to the challenges in mitigating the power quality problems
based on the standards stipulated in the IEEE 1159. The power quality definition and standards accentuated
in the IEEE 1159 are, a) the percentage of total harmonic distortions (THDs) at the end-user should not
exceed 5%, b) voltage sag range is in decreasing limits to 10%-90% of the nominal value of the power
frequency for a duration of half cycle to 1 minute, and c) voltage swell is in the increasing limits to 110%-
180% of nominal at the power frequency for a duration of a half cycle to 1 minute [11, 12].

Power Quality Disturbances: Power quality plays an important role in maintaining the voltage,
current and power within the permissible range and supplying it back to the consumers without any delay and
interruption as stipulated under the IEC standards [13]. Hence, the utilities are deemed to provide quality
services delivered to the consumers in a desired manner complying with several standards of voltage rating,
frequency and reliability. Simultaneously, the end-user should able to utilize the delivered power in a desired
and quality manners [2]. Power quality problems incurred in a distribution network can be categorized as (i)
voltage fluctuation and flickering, (ii) harmonics, (iii) voltage sags, (iv) transients, and (v) grounding.

This signifies that the delivered power quality is the main concern for consumers, electrical
generation and distribution companies, and researchers. Subject to the low emission and abundance of
energy, renewable energy sources (RES), like solar and wind are widely used in a grid system with variety in
its sizing. The power balance between the solar or photovoltaic systems and the power grid is thru the dc-bus
voltage inverter controller. In particular, the dc-bus voltage inverter controller generates reference current
values to ensure that the power generated by the photovoltaic array is injecting equal power to the grid and
the power losses, so that the power balance could be attained [14, 15].

In most cases, the power quality problems that occur in a microgrid system connected with the RES
are such as the reactive power compensation (RPC) and electrical harmonics pollution in distribution network
in a microgrid instigated by the operation of power electronics devices [16]. The major power quality
problems occur in a microgrid are such as, a) disturbances or harmonics in voltage, voltage sag/swell,
unbalanced or flickering voltages, b) disturbances or harmonics in current, load reactive power, unbalanced
or neutral current, impulse transient and interruptions.

Inverters for Power Quality Enhancement: Inverters are mostly used for medium and high-power
applications. The multilevel inverters first introduced in [17] are most popularly used by researchers because
it is capable to achieve higher output power quality, higher efficiency, low harmonic components, lower
switching losses and lower di/dt or dv/dt. Various control topologies and methods have been used for
inverters to eliminate harmonics such as the selective harmonic elimination method (SHEM). However,
SHEM is not suitable to be used in a real-time harmonic compensating application. Therefore, more
advanced solutions were used nowadays for harmonic compensation applications. The most popular
application used are active power filter and microgrid control, and online control method such as hysteresis
band control. Power quality conditioning devices are used to enhance power quality of the system such as
static compensator (STATCOM), distribution static compensator (DSTATCOM), active power filter (APF)
and unified power quality conditioner (UPQC). However, there are advantages and disadvantages of each
control methods, as mentioned above [13, 12].

2. DYNAMIC VOLTAGE RESTORER

Dynamic voltage restorer (DVR) is usually used to protect sensitive loads coming from the supply
line such voltage sag/swell and other harmonics or disturbances. A typical DVR system has a voltage source
inverter, controller for switching, DC energy storage device, output filter and an injection or coupling
transformer [18] as shown in Figure 1.

In Figure 1, the operating principle of DVR is to detect and compensate voltage sags occurring in
the supply hence shielding the sensitive loads from the power quality issues. DC energy source, injection
transformer connected in series with distribution network and sensitive loads are parts of system
configuration for the requirement of DVR installation. Batteries, supercapacitors, superconducting magnetic
storage units and flywheels are the alternative options that can be used as the DC energy source. Voltage Sag
occurs in the distribution network, is coming from the incoming supply. Once a fault is detected by the DVR,
it is then compensated by injecting AC voltage generated from the DC power energy source through IGBT
converter. Transformer feds the injected voltage into a distribution network to mitigate the voltage sag in
order to maintain a power quality for the sensitive load [19].
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Figure 1. Operating principle of DVR [19].

2.1. Working Principle of Series Active Power Filter

Figure 2 and Figure 3 shows a combination of series active filter and passive filters for current
harmonic compensation. LC passive filter can be connected in parallel to the load that impose high frequency
impedance current path to compensate the current harmonics. Voltage regulation is corrected by
compensating the fundamental frequency positive, negative and zero sequence voltage components of the
distribution network [20]. In Figure 3, a small rating of passive filter is connected between transformer and
inverter to suppress switching ripples. A control circuit, voltage controlled PWM inverter, and power
semiconductor gate driver circuit are the main parts of series active filter [21]. The function of series
transformer is to inject compensating voltage into a distribution network [22]. In Figure 5, a DC energy
source can be used to supply real power compensation during the operation of DVR [23].
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it

Figure 3. Series active power filter and passive filter combined in a

one system [20].

In Figure 2, by applying the Kirchhoff’s law, an AC closed circuit diagram for equvelent
cirucit of series converter can be achived as shown in Figure 4 and the following methematical expressions is

obtained [24].
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Figure 4. Equivalent circuit of series converter [24].

mvy = lLRf +Lf%+vm] (1)
. 1 .
Vinj = iR+ C_ff(lcdt) 2

Where for series converter, m = control input , i, = inductor current, v;,,; = output voltage, v, = DC
link voltage, Ly = filter inductance, C; = filter capacitance, Ry = equivalent series resistance (ESR) of
inductor, and R, = ESR of the capacitor.

2.2. DVR combined with Mini-Hydro Turbine
The block diagram of DVR connected to a microgrid system installed with the mini-hydro turbine is

shown in Figure 5. In the proposed system, DVR is used for mitigating the unbalanced voltage compensation,
distortions and sags coming from the supply line.

Grid
¥
V. Vi

Three-Phase source fosd Non-Linear Load
‘Voltage source

Three-phase ()

Transformer Mini-Hydro

Turbine

Active Series
Filter Battery Energy

Storage System
IGBT Diode Bridge

(BESS)
Figure 5. DVR utilized in a microgrid system installed with the mini-hydro turbine.

L

Figure 6 shows a complete system configuration wherein a three-phase AC voltage source is
directly fed into the microgrid connected with a non-linear load. A three-phase PWM voltage-source inverter
is connected in series with the input of microgrid through a three-phase coupling transformer required by an
active series filter controller so-called as the DVR, designed to work on the following principles.
That is to, a) detect imbalance voltage such as the sag, swell and harmonics at source side, b) produce a
constant sine wave pulse at a constant amplitude to differentiate it with detected imbalances to extract
reference voltage pulse, Vier, ¢) detect voltage waveform IGBT bridge output voltages, Ve, and d) compare

Vret with V¢ pluses in a hysteresis controller to generate input pulse for the commutation of gate input of
controlled IGBT switches [25, 26].
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By applying the aforementioned technique, the DVR is able to compensate voltage across the
primary transformer. Hence, a significant reduction in voltage harmonics at load can be acquired. At DC side
of IGBT Bridge, a battery energy storage system (BESS) is used. The microgrid and mini-hydro turbine are
connected to the BESS through a switch that keep changing its state depending on the current demand of
energy or state of charge (SOC) cycle for the battery. When the hydro-turbine generation is greater than
demand, the ideal switch closes to allow battery to start charging and vice-versa. In the BESS configuration,
a SOC subsystem is implemented that opens only when the battery is reached close to SOC =100%.

The proposed microgrid system consists of renewable energy controller attached with battery
charging controller system. Battery is connected to bridge as a DC source. The DVR with inverter is also
connected to a three-phase transformer through a passive filter circuit. The three-phase AC transformer is
connected between the three-phase AC source voltage and non-linear load passing through the microgrid
connected control block.

3.  RESULTS AND DISCUSSION
A microgrid system shown in Figure 6 highlights the performance of DVR connected with battery
storage and mini-hydro turbine systems indispensable for mitigating voltage sags and swells.
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Figure 6. DVR System combined with battery storage and mini-hydro turbine systems.
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3.1. Mitigation of Balanced Voltage Sag

An equivalent short-circuit fault is exerted at the point of common coupling (PCC) yielding to a
balanced voltage sag generated by switching on the impedance to the ground. Figure 7(a) shown in next
page, the results of balanced voltage sag of 70% initiated from t=100ms until t=350ms at the PCC. The DVR
voltage recovery mode begins as soon after the voltage loss is detected, as shown in Figure 7(b). Figure 7(c)
shows an improved loading condition with mitigated balanced voltage sag confirming the robustness in the
performance of DVR.
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Figure 7: DVR in solving power quality problem with (a) balanced voltage sag of 70% at PCC, (b) voltage
injected by DVR, and (c) improved loading condition galvanized by the mitigated balanced voltage sag.

3.2. Mitigation of Balanced Voltage Swell

In case of balanced voltage swells happened in the microgrid, the DVR should absorb the power
from the grid. The standby mode of DVR is activated once the required energy is obtained from the battery
connected with mini-hydro turbine system. However, absorption of power is very dangerous unless a power
dissipation control system is installed that able to provide overvoltage protection to the microgrid [18].

Figure 8(a) as shown in next page, explicates a 20% balanced voltage swell begins from t=100ms
till t=350ms introduced at the PCC of microgrid. It can be observed that the DVR responded by injecting
voltage with 180° shift so that it is in phase to subtract the excessive voltage magnitude. However, once the
voltage recovery is detected, DVR returns to standby mode to maintain a minimum conduction loss. Figure
8(b) shows the injected voltage required for balanced voltage swell mitigation. In Figure 8(c), the DVR is
able to maintain the voltage peak closer to its rated value.
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Figure 8: DVR in solving power quality problem with (a) balanced voltage swell of 20% at PCC, (b) voltage
injected by DVR, and (c) improved loading condition galvanized by the mitigated balanced voltage swell.

3.3. Minihydro Turbine System for Battery Charging System

Figure 9(a) as shown in next page, depicts the discharging of battery during the operation mode of
DVR. The battery capacity is 10Ah signifies that it can supply for system operation in 10 hours. In other
cases, whereby the battery is charging from mini-hydro turbine system, its initial state-of-charge was set at
90%. And Figure 9(b) shows the charging curve rising from 90% at t=0s to 91.6% at t=0.4s.
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Figure 9. Battery SOC simulation with, (a) discharging of battery during DVR operation mode, and (b)
battery charging from mini-hydro turbine system.
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4. CONCLUSION

This paper has discussed on the importance of DVR for mitigating the power quality problems in the
microgrid connected with battery storage and mini-hydro turbine system. The results have shown that the
higher percentage of voltage sag requires injecting a large DC voltage for mitigation. 70% of voltage sag
requires the energy storage system to inject 224VDC into the microgrid system. This implies that it requires a
battery management system to effectively deliver constant voltage during the discharging or charging of
battery modes [27]. This is due to the fact that the battery initial state-of-charge that is less than 100%, the
voltage injection system is not able to deliver and sustain the required level of voltage injection. Furthermore,
the proposed DVR technique can be considered as a highly reliable, effective and quick responsive device for
power quality enhancement. It is also an effective device to protect sensitive loads for short period of time
from sudden occurrence of voltage sags and swells. In the case study of DVR with mini-hydro turbine
system, it is capable to operate under the scenario of renewable energy generation system.
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