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1. INTRODUCTION

Ideally, electricity should be provided efficiently and without any interruptions required or desired
by utilities and users. Without the smooth continuity of electricity supply, the consumers may not receive
their power demands efficiently [1-5]. However, the utilities may find it difficult to provide a clean and
continuous electric supply due to the presence of harmonic distortion, voltage sag and voltage swell. The
increasing usage of nonlinear loads in the industry often making the harmonic distortion level becomes
critical [6-10]. Consequently, this will introduce inefficient energy consumption to the consumers.

In addition, electricity plays an important role in productivity from many industrialized countries.
Therefore, the usage of power electronic components used to control the non-linear load in the industrialized
countries will also be increased. However, these components are sensitive devices that are requiring a
constant of voltage magnitude, voltage frequency and voltage phase [11]. They required a good power
quality in order to avoid any failure in the power electronic components and electrical equipment in such a
way that it will breakdown in electrical equipment and eventually damage the electrical equipment as well as
slowly shorten their lifespan [12]. Therefore, this issue is not a trivial problem for countries that are
developing their products in the industry. Voltage sag and swell are the main issue that may cause the power
quality problem [13-17]. DVR is one of the wise solutions used to mitigate the power quality problem. It is
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able to compensate the voltage sag, voltage swell and also harmonic condition by injecting their voltage in
series synchronously with the system to ensure the smoothness of power quality can be maintained [18-19].
Generally, there are three basic control strategies for a DVR such as pre-sag compensation, in-phase
compensation and energy optimization compensation [20].

In pre-sag compensation, the supply voltage is consistently monitored and initiates the injection
before the occurrence of voltage sag and it also able to compensate the phase shift of incoming voltage. On
the other hand, the DVR with in-phase compensation will only compensate the magnitude of voltage sag. The
DVR voltage is continuously in phase with the measured incoming voltage regardless the phase shift of
incoming voltage. With energy optimization compensation, the voltage is injected with its phase angle in
quadrature with load current to reduce the use of real power. Therefore, this strategy will reduce the energy
consumption of energy storage. In a DVR controller, it uses the hysteresis voltage control to detect the
disrupted incoming voltage and supplied to the Insulated Gate Bipolar Transistor (IGBTs) as switching
devices for voltage-sourced converter (VSC)[21]. Specifically, DVR compensate the interruption of
incoming voltage by referring to the unipolar SPWM coming from the IGBT switches.

Other than that, the DVR plays an important role in energy efficiency enhancement of a three-phase
system. The energy consumption in a non-linear load can be reduced by increasing their energy efficiency via
reduction of incoming voltage at allowable limit such as 200V per-phase. With the reduced input voltage at
the permissible limit, the load may function properly and operates at lower energy consumption. Thus, the
energy efficiency of the system can be enhanced.

2. RESEARCH METHOD

Figure 1 shows a schematic diagram of dynamic voltage restorer (DVR) connected in series with the
sensitive load in a distribution system. The DVR contains of voltage-sourceFigu converter (VSC), hysteresis
voltage control, a booster transformer and also passive filter used to filter any harmonic component exists in
the system. The DVR will inject a three-phase of AC voltage in series synchronously with the supplied
voltage for the occurrence of voltage sag or voltage swell. This signifies that whenever the quality of
supplied voltage is interrupted or distorted, the DVR can restore the quality of the voltage at the load side by
controlling the voltage amplitude, phase angle and frequency of voltage.
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Figure 1. Basic principle of dynamic voltage restorer

The ensuing explanation represents the operation of DVR. Firstly, the DVR will receive a signal
from point representing as the current situation of incoming supply voltage. Secondly, the DVR will detect
the incoming supply with power quality problem condition converted as a small signal coming from point B
and comparison is made between incoming voltage supply signal (Viinc) having power quality problem and
reference voltage in order for the hysteresis voltage controller to operate and mitigate the waveform segment
of incoming voltage supply having the power quality problem. This operation is performed by the DVR
indicated by label C in Figure 2. In particular, the difference between reference voltage and incoming voltage
supply having power quality problem will transmit as a difference signal to perform the switching in relays
for later use in mitigating and compensate the power quality problem incurred in the incoming voltage
supply. The hysteresis switching relays will instruct the operation of IGBT switches labeled as D to produce
the unipolar SPWM signal from DC supply voltage into AC supply voltage [22]. Lastly, the IGBT switches
will inject its converted supply voltage into the system to compensate the voltage sag and swell in the system
through the three-phase isolation transformer labeled as E.
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2.1. Voltage supply

The parameters are adjusted in the source to supply the desired output voltage and is referring to
label A in Figure 2. The positive-sequence parameters are set to SO8VL-L for voltage supply, 0°for the phase
and 50Hz for the frequency. The voltage must be set to 508 Vrms in order to obtain 415VL-L obtained based
on the rms value is 508Vrms xV (2/3) = 415VL-L. The time variation is set to “Amplitude” and the type of
variation is set to “Table of time-amplitude pairs” so that the time value setting can be enabled. The
amplitude value is in per unit and the time values is adjusted to the desired output values in order to display
the percentage of voltage sag and swell as well as its duration. The fundamental and/or harmonic generation
is enabled to include the effect of harmonic in the voltage supply yielding to the unbalanced condition of
voltage sag or swell.

2.2. Three-phase V-1 measurement

The three-phase voltage and current supply is measured by using the three-phase V-I measurement
indicated as label B shown in Figure 2. The three-phase V-1 measurement is responsible to observe the
performance of DVR in mitigating the voltage sag or swell that occurs in the three-phase system. The three-
phase V-I measurement is also installed at the load side to measure and monitor the interrupted load voltage
and current compensated by the dynamic voltage restorer. Figure 2 shows a schematic diagram of DVR
designed and successfully executed in the Simulink software.
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Figure 2. Simulink diagram of dynamic voltage restorer

DVR controllerError! Reference source not found. The DVR controller labeled as C in Figure 2 is
used to detect the voltage sag and voltage swell which will then compared with the fixed reference voltage
specified in the controller [23]. A detail circuit of DVR controller can be seen in Figure 4 whereby it consists
of incoming voltage, reference voltage generator, detection and comparison circuits, hysteresis voltage
control. The reference voltage generator is used to provide a smooth sinusoidal three-phase waveform of
415Vyr.1. A smooth sinusoidal waveform of three-phase voltage is produced from the equation embedded in
the block diagram and is set as the fixed reference voltage. The incoming voltage sag or swell is obtained
from the line voltage labeled as Vi in Figure 4. The obtained incoming voltage sag or swell is compared
with the fixed reference voltage at the comparator labeled as G. The comparison between fixed reference
voltage and the incoming voltage sag or swell is made to produce a difference or error signal required by the
relay or hysteresis voltage control [24]. Subsequently, the difference or error signal is sent to the IGBT
switches so that the switching can be performed in respond to convert from DC voltage to AC voltage under
the unipolar SPWM formation at a particular time to compensate at a certain time segment of incoming
supply having voltage sag or voltage swell.

2.3. IGBT switches
The difference or error signal is sent by the relay or hysteresis controller for an immediate operation
of IGBT switches labeled as D in Figure 2.
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In Figure 3, there are six IGBT switches connected in a three-phase bridge connection. The
difference or error signal will drive the IGBT switches to produce the unipolar SPWM in discrete-time
waveform at point I to inject and compensate the voltage sag or swell occurred in the system [25]. The
voltage magnitude of unipolar SPWM can reach up to 700V originated from the DC supply voltage at point 1
and point 2. This implies the IGBT switches convert the DC voltage supply into AC output voltage of
unipolar SPWM.
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Figure 3. IGBT switches
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Figure 4. DVR controller circuit

2.4. Three-phase isolation/booster transformer

The three-phase isolation or booster transformer is connected in series with the three-phase system
and it is labeled as E in Figure 2. It is used to inject the AC voltage of unipolar SPWM waveform into the
system so that the incoming voltage sag or swell can be compensated. The secondary-side of transformer is in
wye connection and the primary-side of transformers is connected in series with the three-phase system.

The fixed value of parameters is set into the transformer so that the desired output waveform can be
obtained. The nominal power and frequency are 4000VA and 50Hz, respectively. It is specified for the
transformer and it is depending on the KVA rating of loading condition. The primary (1) and secondary (2)
side of transformer is composed with the parameters setting of voltage, resistance, and inductance that is
508V, 0.02p.u. and 0.02p.u., respectively. The saturation characteristic, core loss resistance and initial flux
are set in accordance to the standard type of three-phase isolation transformer available in the market. The
three-phase isolation transformer received the unipolar SPWM of discrete-time waveform to compensate the
distorted signal of an AC sinusoidal continuous-time waveform happened in the three-phase system.

2.5. Three-phase isolation/booster transformer
The passive filter labeled as B in Figure 2 is comprised of resistor and capacitor used to filter the
harmonic components originated from the voltage compensation injected by the three-phase isolation
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transformer. The RC branch type consisting with resistor and capacitor is selected in such a way to operate
the passive filter. The resistance and capacitance values are set as 1Q and 100uF, respectively for the RC
branch type of passive filter.

3. RESULTS AND ANALYSIS

The operating performance of three-phase dynamic voltage restorer (DVR) has been carried-out on
a case study of three-phase system consisting with 8.14 kVA rating of power supply and 7.56 kVA rating of
loading condition shown in Figure 2. The DVR is responsible to mitigate the three power quality problems of
voltage sag, voltage swell and harmonic. It is worthwhile to mention that the main task of DVR controller is
to produce the difference or error signal between the reference voltage and interrupted incoming voltage. The
error signal is then received by the IGBT switches to produce the AC unipolar SPWM. The AC unipolar
SPWM is transferred to the three-phase isolation transformer to convert and compensate the distorted part of
incoming voltage. Figure 5 shows the fixed reference voltage of 415V taken from Vref A, Vref B and Vref C
in DVR controller circuit shown in Figure 4.

Figure 6 shows the difference between the fixed voltage reference and distorted incoming voltage at
0.1 second until 0.15 second taken from Vline and Vref in Figure 4. The comparison is made between the
two waveforms to initiate the operation of DVR controller. The incoming voltage distortion is one of the
power quality problems that may instigate ineffective operation of load hence shorten the lifespan
performance. As a result, the comparison between the reference voltage and distorted incoming voltage may
yield to hysteresis signal and difference or error signal at the input and output of point H in Figure 4,
respectively. The hysteresis signal and difference or error signal are shown in Figure 7 and the duration for
both signals to operate is between 0.1 second to 0.4 second depending to the duration of distorted incoming
voltage discussed beforehand.

00 |— /
a00 | S

I I i i i i
o o005 001 o015 o0z o025 oo

Figure 5. Three-phase fixed reference voltage.
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Figure 6. Comparison between the (a) fixed reference voltage, and (b) distorted incoming voltage waveform.
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Figure 7. (a) Hysteresis signal, and (b) difference or error signal subject to the comparison between the fixed
reference voltage and distorted incoming voltage.

The width for every pulse of difference or error signal is representing the magnitude distortion of
voltage. The difference or error signal is obtained from the switching relay and is used to trigger the IGBT
switches to convert from DC voltage supply and then inject the AC unipolar SPWM. By referring to Figure
3, the difference or error signal is transferred via point G of IGBT switches circuit. The three-phase AC
unipolar SPWM is shown in Figure 8 and these waveforms are obtained from point I in Figure 3. Eventually,
the IGBT controller will inject the AC unipolar SPWM into the three-phase system merely to compensate the
magnitude distortion of AC incoming voltage.

Further analysis to investigate effective performance of DVR is done for two different cases of
voltage sag and swell. The first analysis is done based on the 80% of voltage sag happened at duration 0.1
second to 0.15 second shown in Figure 9(a). Hence, the three-phase incoming voltage is reduced to 0.2 p.u.
during the sagging condition. Therefore, the DVR controller detect the 0.2 p.u. of incoming voltage sag and
compared it with the fixed reference voltage of 1.0 p.u. that eventually driven the IGBT switches to inject AC
unipolar SPWM to compensate 0.8 p.u. remaining magnitude of voltage sag shown in Figure 9(c). The
improved incoming voltage subject to the compensation made by the DVR is shown in Figure 9(b).
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Figure 8. The AC unipolar SPWM of the IGBT controller for (a) Phase A, (b) Phase B, and (c) Phase C.
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Figure 9. DVR performance at 80% of voltage sag (a) before compensation, (b) after compensation, and (c)
voltage compensation.

The robustness of DVR is also investigated and verified based on the cases of 80% in the occurrence
of voltage swell shown in Figure 10(a). The duration of 80% of voltage swell is 0.1 second to 0.15 second.
The DVR inject AC unipolar SPWM to compensate 0.8 p.u. remaining magnitude of voltage swell to the
three-phase system for compensation as shown in 18(c). The improved version of incoming voltage
compensation done by the DVR can be observed in 18(b). The results proof that the DVR is capable to
effectively mitigate the voltage swell at any level of percentage.
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Figure 10. DVR performance at 80% of voltage swell (a) before compensation, (b) after compensation, and
(c) voltage compensation.

Figure 11(a) shows the unbalanced incoming voltage waveform caused by the harmonic injected
from the source. The DVR controller will operate the IGBT switches to produce AC unipolar SPWM for
mitigating the unbalanced incoming voltage condition caused by injected harmonic. Figure 11(c) shows the
AC voltage injected from the three-phase isolation transformer and provides the mitigated unbalanced
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incoming voltage as shown in Figure 11(b). Finally, the DVR capable to reduce the total harmonic distortion
(THD) at every phase from 20.62% to the range of 0.21% to 0.23%. The results are depicted and summarized
in Table 1. Thus, the DVR is also performed effectively in producing a smooth sinusoidal waveform of three-
phase incoming voltage subsequent to the harmonic mitigation. By mitigating the harmonic, the power losses
in the system will be reduced. Rather than mitigating the voltage sag, voltage swell, and unbalanced voltage
condition caused by the harmonic condition, the DVR can also be used for energy saving purposes by
reducing the real power and reactive power at allowable level injected to the three-phase system. Table 2
shows the results of energy saving corresponding to the incoming real and reactive powers subject to the
reference voltage of 415V and 346.5V set by the DVR. The results show that the incoming real and reactive
powers are reduced from 2244W and 803.9VAR to 1874W and 671.5VAR in accordance to the reduction of
reference voltage from 415V to 346.5V specified at the DVR. The reference voltage is reduced to 346.5V
because it is an permissible limit for the operation of any electrical equipments. The incoming power saving
is obtained from 16.49% and 16.47% for the reduction of real power and reactive power, respectively
performed by the DVR. This signifies that the voltage reduction performed by the DVR is capable to produce
a power saving to the incoming of the three-phase system.

Table 1. Total harmonic distortion for every phase before and after compensation using DVR

Voltage THD before compensation THD after compensation
Phase A 0.2062 0.002104
Phase B 0.2062 0.002178
Phase C 0.2062 0.002343

Table 2. Power at 415V and 346.5V of reference voltage

Power Vref =415V Vref =346.5V Power Saving Percentage (%)
Real Power (W) 2244 1874 16.49
Reactive Power (VAR) 803.9 671.5 16.47
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Figure 11. DVR performance at unbalanced voltage (a) before compensation, (b) after compensation, and (c)
voltage compensation.

4. CONCLUSION

In this study, the DVR plays many important roles in enhancing power quality and also enhancing
energy efficiency. The hysteresis voltage control was used in this study as a DVR controller to learn how the
controller operates during the voltage sag, voltage swell, unbalanced voltage occurrence occurs in the system.
In addition, by reducing the excessive amount of incoming voltage, it can also decrease the power
consumption at the incoming side. The fixed reference voltage was reduced at permissible limit in order to
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reduce the power consumption at the incoming side. By doing this operation, the DVR will assume the
system condition as a voltage swell condition that occurs in the system and will try to reduce the excessive
amount of incoming voltage to compensate the voltage swell condition. Therefore, the cost of power
consumption of the non-linear load is reduced and the energy efficiency of the load is enhanced.
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