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Abstract—This paper presents mitigation voltage sag/swell
and harmonics in low voltage distribution network using
Dynamic Voltage Restorer (DVR) supplied by Battery Energy
Storage (BES) and Photovoltaic (PV) system. This combination
is called DVR-BES-PV and it is compared to DVR-Capacitor
(Cap), DVR-BES, and DVR-Cap-PV. The unit vector template
generation (UVTG) method is used to control series active filter
at DVR when it injects compensation voltage during voltage
sag/swell disturbance. The DVR-BES-PV is able to generate the
lowest percentage of sag/swell and its value has met IEEE 1159.
This combination is also capable to result the lowest average
Total Harmonics Distortion (THD) of load voltage and its value
has fulfilled limit prescribed in IEEE 519. Therefore,
combination of DVR-BES-PV is able to result the best
performance in mitigation of sag/swell and harmonics on load
bus compared to the other three DVR combinations. Simulation
and analysis of this paper uses Matlab/Simulink environment.
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I. INTRODUCTION

The lack of fossil energy source and increased awareness
of environmental impacts, causes renewable energy sources
i.e. PV and wind to grow rapidly as an alternative energy to
generate electricity. The power generated by PV is DC, so it
requires an inverter before it is operated and it is connected
to distribution network. Even though PV is able to supply
power to grid, it also weakness: it generates harmonics due to
the existence of a voltage source inverter (VSI) on the active
filter series so can reduce power quality. On the other hand
with increased penetration of sensitive loads, causing power
quality problems in distribution system has increased
significantly. The most serious and frequent disturbances in
grid voltage are sag, swell, and short-circuit. The sag is a
decrease in rms voltage value between 10-90% which lasts
from one half cycle to one minute. The swell is an increase in
source rms voltage in a short time interval whose value
ranges from 1.1 pu to 1.8 p.u from nominal source voltage.
The device effectively and comprehensively capable to
mitigate sag/swell fault is DVR. Investigation on sag
compensation using DVR with UVTG method has been done
[1]. The DVR is able to compensate for balanced and
unbalanced sag and inject desired voltage component to
rapidly repair a number of disruption anomalies alongside
source voltage to keep load voltage constant and balanced at
nominal value. However, that research has not discusssed
mitigation voltage swell and harmonics due to presence of
sensitive voltage devices on load side.

The comparative analysis of compensation techniques i.e.
phase-compensation method, pre-dip compensation method
(called compensation of large voltage difference) and
intelligent phase compensation method have been
investigated [2]. Laboratory based testing with a number of
disturbance scenarios including sag on source side and load
power factor have been performed as validation of results
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against each proposed method. Investigation model for self-
supported DVR control has been proposed by [3]. The three
of three phase harmonics filters (double tuned) are used for
harmonic migration generated by a voltage source converter
(VSC). The research shows that low-rating DVR can
compensate for sag/swell and reduce voltage THD on load
bus according to IEEE 519. DVR performance to sag and
load voltage harmonics using Sinusoidal Pulse control Width
Modulation (SPWM) and Space Vector Pulse Width
Modulation (SVPWM) has been researched by [4]. The
Synchronous Reference Frame (SRF) method has been used
to detect sag voltage and to generate modulation signal. The
research shows that load voltage THD using SVPWM is
smaller than SPWM method. Nevertheless, performance of
SVPWM and SPWM with load voltage swell is not
discussed in this work. The configuration integration of grid
connected PV system together self-supported DVR has been
proposed [5]. The system is called the "six-port converter," a
whole composed of nine semiconductor switches which it is
reduced from the previous 12 semiconductors. The
configurations are capable to operate in different modes
based on grid condition and PV generation power. The
research mode is the normal grid mode, the fault mode, the
sag mode, and the non-active PV mode.

The DVR consists of an injection transformer, a series
active filter, a DC voltage source, and an energy storage. The
energy storage commonly used is a DC link capacitor. The
weakness of this device has limited energy storage capacity.
In order to overcome these problem, this paper has proposed
implementation of BES supplied by PV to mitigate sag/swell
and harmonics on low voltage distribution network. This
combination is called DVR-BES-PV and installed on three
phase distribution lines to maintain voltage on sensitive load.
The advantage of BES has a larger storage capacity than the
capacitor. Otherwise, PV can be used as an alternative DC
voltage source to charge BES when its capacity reduced and
provides active power required for compensation when
voltage sag/swell. The UVTG method is used to control
series active filter in DVR when it injects compensation
voltage during voltage sag/swell disturbance. The nominal
percentage of voltage sag on sources bus are 20%, 40%,
60%, and 80%. Then, the nominal percentage of voltage
swell on sources bus are 120%, 140%, 160%, and 180%.
This research is performed on percentage of voltage
sag/swell and voltage THD on load bus based on DVR
circuit configuration and disturbance scenarios which
determined before. The effectiveness of proposed
combination then is compared to three DVR combinations
i.e. DVR-Cap, DVR-BES, DVR-Cap-PV. Futhermore, the
results are compared and validated with IEEE 1159 and
IEEE 519.



II. RESEARCH METHOD
A. Proposed Method

Fig. 1 shows proposed model of DVR using BES
supplied by PV. This model is located between source or
point common coupling (PCC) bus and load bus connected
to sensitive load. Then, the PCC bus is connected to a three
phase grid through a 380 V and 50 Hz three phase low
voltage distribution line. The DVR circuit consists of an
injection transformer, filter circuit, active series filter, DC
voltage source, and energy storage. Energy storage used
previuosly is a DC link capacitor circuit. The weakness of
the capacitor has limited energy storage capacity. The PV
produces output voltage and becomes as input for DC/DC
boost converter. The MPPT with Perturb and Observer (P
and O) algorithm further helps single phase PV to generate
the maximum power. The DC output voltage of PV is
relatively low value and then raised by the boost DC/DC
converter at appropriate voltage level in order to generate
active power to charge BES.

The BES has a larger storage capacity than the capacitor,
while PV generator is used as an alternative source of DC
voltage to fill the BES as its capacity decreases and provides
active power required for compensation when voltage
sag/swell occurs. The PV help self-charging process of BES
from the system during no fault (stand by mode). The series
active filter component of DVR is controlled UVTG method
to mantain voltage between source and load bus so that
voltage becomes balanced, distortion free, and kept its

380 Volt 50 Hz
Low Voltage Distribution Line,

magnitude steady. The UVTG method is also used to
generate a trigger pulse in a six-pulse width modulation
(PWM) circuit required by series active filters, thus
generating an injection voltage to compensate for voltage
sag/swell on load bus. The devices and simulation
parameters of proposed model are presented in Appendix.

This paper proposes mitigation voltage sag/swell and
harmonics using DVR supplied by BES and PV system
connected to distribution network. The DVR is located
between load bus and source (PCC) bus through a 380 V and
50 Hz low voltage distribution line. There are four DVR
combination i.e. DVR-Cap, DVR-BES, DVR-Cap-PV, and
DVR-BES-PV. Each combination has two disturbance
scenarios are voltage sag and voltage swell which generated
on source bus respectively. The nominal percentage of
voltage sag disturbances are 20%, 40%, 60%, and 80%. Then
for percentage of voltage swell disturbances are 120%,
140%, 160%, and 180%. The analysis of research is
performed on percentage of voltage sag, voltage swell, and
voltage harmonics on load bus based on DVR circuit
configuration and disturbance scenarios which determined
before. In order to verify the effectiveness and advantages of
DVR supplied by BES and PV system, this model is
compared to the other of three DVR combinations. Then, the
results are compared and validated with IEEE 1159 for
voltage disturbance standards and IEEE 519 for power
quality standards [6-10]. Simulation and analysis of this
project uses Matlab/Simulink environment.
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Fig. 1. Proposed model of DVR using BES supplied by PV

B. Modelling of PV Array

Fig. 2 shows the equivalent circuit of a solar panel. A
solar panel is composed by several PV cells that have series,
parallel, or series-parallel external connections [11]. The V-I
characteristic of a solar panel is showed in (1):

R, R,
I=1, —l{exp(VJer ]—1}—1/; s
a t

Where Ipy is the photovoltaic current, I, is saturated
reverse current, ‘a’ is the ideal diode constant, V; = NsKTq!
is the thermal voltage, Ns is the number of series cells, ¢ is
the electron charge, K is the Boltzmann constant, 7T is the
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temperature of p—n junction, Rs and Rp are series and
parallel equivalent resistance of the solar panels. /py has a
linear relation with light intensity and also varies with
temperature variations. [, is dependent on temperature
variations. The values of [,, and I, are calculated as
following (2) and (3):

Loy =Upy, + KlAT)GE]

n

)

Iy, + K AT

I = €)
*exp(Voe, +K,AT)/ aV, -1




Fig. 2. Equivalent circuit of solar panel

In which Ipy, Iscy and Voc, are photovoltaic current,
short circuit current and open circuit voltage in standard
conditions (7, = 25 C and G,= 1000 Wm) respectively. K;
is the coefficient of short circuit current to temperature, AT
= T - T, is the temperature deviation from standard
temperature, G is the light intensity and Ky is the ratio
coefficient of open circuit voltage to temperature. Open
circuit voltage, short circuit current and voltage-current
corresponding to the maximum power are three important
points of I-V characteristic of solar panel. These points are
changed by the variations of atmospheric conditions. By
using (4) and (5) which are derived from PV model
equations, short circuit current and open circuit voltage can
be calculated in different atmospheric conditions.

Ise =g +K1AT)G£ )

n

Voo =Voo + K, AT )

C. UVTG Method in Controlling Series Active Filter

The main function of series active filter is the sensitive
load protection against a number of voltage distrubances at
source bus. The control strategy algorithm of the source and
load voltage in series active filter is shown in Fig 3. It
extracts the UVTG from the distorted input supply.
Furthermore, the templates are expected to be ideal
sinusoidal signal with unity amplitude. The distorted supply
voltages are measured and divided by peak amplitude of
fundamental input voltage Vi, given in (6) [12].

Vo= a2 er) Q)

A three phase locked loop (PLL) is used in order to
generate sinusoidal unit vector templates with a phase
lagging by the use of sinus function. The reference load
voltage signal is determined by multiplying the unit vector
templates with the peak amplitude of the fundamental input
voltage Vi The load reference voltage (Vi, ", Vi *, Ve 7) is
then compared to the sensed load voltage (Via, Vib, Vic) by
a PWM controller used to generate the desired trigger signal

on series active filter.
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Figure 3. UVTG control of series active filter

D. Voltage Sag/Swell

The voltage sag is defined as a decrease in the value
of rms voltage between 10-90% which goes on from one
half cycle to one minute. The voltage sag can affect to the
phase or amplitude. The most voltages sag occurs caused by
a single phase to ground short circuit. An unbalanced short
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circuit can trigger an unbalanced phase and shift it from its
nominal value. The starting of motor with high power also
can generate voltage sag. The amplitude of the voltage sag
depends on several factors i.e. type, location, and impedance
disturbance. The voltage sag in each busbar is different
depends on location of disturbance. The duration of sag is
determined by duration of protection clearing time i.e. the
extent to which voltage sag is able to be removed.

The voltage swell is an increase in source rms
voltage in short time intervals whose value ranges from 1.1
pu to 1.8 p.u from nominal source voltage. Although the
duration time of voltage sag/swell is short, the interference
can affect sensitive loads such as the computers, the
programmable logic controllers (PLCs) and the variable
speed drives (VSDs) on motor and simultaneously reducing
efficiency of these devices. The DVR is a special power
electronics device used to reduce voltage sag/swell. The
DVR is able to protect sensitive loads that may be
drastically affected by voltage fluctuations in the
distribution system [13]. The recommended standard of
practice on monitoring voltage sag/swell as the part of
electric power quality parameters is IEEE 1159-1995 [14].
This standard presents definition and table of voltage
sag/voltage base on catagories (instantaoeous, momentary,
temporary) typical duration, and typical magnitude. The
percentage of voltage sag is formulated in (7) [15] and with
the same prosedur, the authors propose (8) for percentage of
voltage swell.

Sag (%) = Vpre sag —Vsag )
Vpre sag
Swell (%) = ‘VP”@ swell — szell‘ ®

Vpre swell

III. RESULT AND DISCUSSION

The analysis of the proposed model is performed through
the determination of four combinations circuit i.e. without
DVR, DVR-Cap, DVR-BES, DVR-Cap-PV, and DVR-BES-
PV. Each combination has two scenarios are sag and swell
voltages which generated by disturbance on source bus. The
nominal percentage of voltage sag are 20%, 40%, 60%, and
80%. Then, for voltage swell are 120%, 140%, 160%, and
180%. The DVR combination is installed on a three phase
distribution line to maintain voltage on sensitive load. By
using Matlab/Simulink, then this proposed model is run
based on the desired scenario to obtain curve of source
voltage (Vs) and load voltage (VL), voltage sag percentage
(%), and voltage swell percentage (%) using (7) and (8) with
pre voltage sag/swell equal as 309.3 V. Furthermore, source
voltage THD and load voltage THD in each phase, as well as
their average values are also determined based on obtained
curve before. The total duration time of simulation occurs
for 0.2 seconds with duration of sag/swell voltage
disturbance between 0.06-0.14 s. The voltage THD in each
phase is determined in one cycle started at t = 0.1 s.
Furthermore, the percentage of load voltage sag (%), average
THD of source voltage, and average THD of load voltage in
each combinations and scenarios are presented in Table 1.
By using the same procedure, for voltage swell disturbances,
the parameters and their simulated results are also shown in
Table 2. Fig. 4 and Fig. 5 present load voltage performance
of 60% sag and 160% swell with four different scenarios.



TABLE I. PERCENTAGE OF LOAD VOLTAGE SAG AND VOLTAGE HARMONICS

Scenarios Source Voltage Vs (Volt) Load Voltage VL. (Volt) Sag Source Voltage THD (%) Load Voltage THD (%)
PhA Ph B PhC PhA Ph B PhC (%) | PhA | PhB | PhC | Avg | PhA Ph B PhC Avg
Without DVR
20% Sag 247.5 247.5 247.5 247.5 247.5 247.5 20 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
40% Sag 185.6 185.6 185.6 185.6 185.6 185.6 40 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
60% Sag 123.7 123.7 123.7 123.7 123.7 123.7 60 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
80% Sag 61.87 61.87 61.87 61.87 61.87 61.87 80 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
DVR+Cap
20% Sag 247.5 247.5 247.5 242.0 242.0 242.0 | 21.76 | 0.18 0.18 0.18 0.18 8.24 8.24 8.24 8.24
40% Sag 185.6 185.6 185.6 181.5 181.5 181.5 | 41.29 | 0.18 0.18 0.18 0.18 8.24 8.24 8.23 8.24
60% Sag 123.7 123.7 123.7 121.0 121.0 121.0 | 60.88 | 0.18 0.18 0.18 0.18 8.22 8.23 8.22 8.22
80% Sag 61.87 61.87 61.87 60.52 60.52 6042 | 80.43 | 0.18 0.18 0.18 0.18 8.17 8.19 8.16 8.17
DVR+BES
20% Sag 2473 2473 2473 303.3 300.9 300.2 2.54 0.23 0.23 0.23 0.23 3.88 3.85 3.76 3.83
40% Sag 185.2 185.2 185.3 304.1 299.1 298.8 2.80 0.30 0.31 0.30 0.30 2.96 3.92 3.97 3.62
60% Sag 123.2 123.2 123.2 300.2 297.5 298.2 345 0.43 0.45 0.44 0.44 4.14 4.32 4.71 4.39
80% Sag 61.13 61.13 61.13 301.4 299.0 299.4 3.03 0.93 0.93 0.93 0.93 3.95 4.82 391 4.23
DVR+Cap+PV
20% Sag 247.3 247.3 247.3 293.0 293.1 293.2 5.24 0.20 0.20 0.20 0.20 5.02 4.96 5.03 5.00
40% Sag 185.4 185.4 185.4 240.6 240.6 240.6 | 22.21 | 0.23 0.23 0.23 023 | 13.39 13.38 13.39 | 13.39
60% Sag 123.5 123.5 123.5 186.3 186.2 1863 | 39.76 | 0.28 0.28 0.28 0.28 | 16.23 16.36 16.35 | 16.32
80% Sag 61.65 61.65 61.64 133.0 132.8 133.2 | 60.00 | 043 0.43 0.43 043 | 21.12 21.34 21.25 | 21.24
DVR+BES+PV
20% Sag 247.3 247.3 247.3 310.2 310.2 310.2 0.29 0.23 0.23 0.23 0.23 0.37 0.37 0.37 0.37
40% Sag 185.2 185.2 185.2 310.2 310.2 310.2 0.29 0.31 0.31 0.31 0.31 0.38 0.36 0.34 0.36
60% Sag 123.2 123.2 123.2 310.1 307.8 307.8 0.24 0.47 0.46 0.47 0.47 0.39 1.87 1.84 1.36
80% Sag 61.11 61.14 61.17 308.6 297.0 295.5 2.89 0.89 0.89 0.91 0.89 2.14 7.86 741 5.81
TABLE II. PERCENTAGE OF LOAD VOLTAGE SWELL AND VOLTAGE HARMONICS
Scenarios Source Voltage Vs (Volt) Load Voltage V1. (Volt) Swell Source Voltage THD (%) Load Voltage THD (%)
Ph A Ph B Ph C Ph A Ph B Ph C (%) PhA | PhB | PhC | Avg | PhA | PhB | PhC | Avg
Without DVR
120% Swell 371.2 371.2 371.2 371.2 371.2 371.2 20.0 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
140% Swell 433.1 433.1 433.1 433.1 433.1 433.1 40.0 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
160% Swell 494.9 494.9 494.9 494.9 494.9 494.9 60.0 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
180% Swell 556.8 556.8 556.8 556.8 556.8 556.8 80.0 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
DVR-Cap
120% Swell 3714 371.4 371.4 327.2 329.1 324.4 5.69 0.15 0.15 0.15 0.15 8.95 9.12 8.47 8.47
140% Swell 433.4 433.4 433.4 3359 339.3 331.7 8.51 0.13 0.13 0.13 0.13 8.78 8.84 8.85 8.85
160% Swell 4953 4954 495.4 360.5 360.2 356.1 16.05 | 0.11 0.11 0.12 0.11 8.47 8.35 8.02 8.02
180% Swell 5573 5573 5573 397.0 398.2 392.1 27.96 | 0.12 0.12 0.12 0.12 5.70 5.94 5.84 5.84
DVR-BES
120% Swell 371.4 371.4 371.4 302.3 303.7 305.8 1.74 0.15 0.15 0.15 0.15 3.89 3.68 3.85 3.81
140% Swell 433.4 433.4 433.4 304.9 306.3 307.6 0.98 0.13 0.13 0.13 0.13 2.59 2.70 2.16 2.48
160% Swell 495.5 495.5 495.5 306.6 308.6 308.6 0.44 0.12 0.12 0.12 0.12 3.29 2.95 296 | 3.07
180% Swell 557.5 557.5 557.5 310.3 310.3 309.6 0.24 0.10 0.10 0.10 0.10 3.19 2.74 3.13 3.02
DVR-Cap-PV
120% Swell 371.4 371.4 371.4 310.5 310.6 310.5 0.40 0.16 0.16 0.16 0.16 0.35 0.34 0.34 0.34
140% Swell 4334 433.4 433.4 311.5 311.7 311.5 0.74 0.13 0.13 0.13 0.13 0.43 0.45 0.45 0.45
160% Swell 4954 4954 4954 336.3 338.9 333.5 8.71 0.12 0.12 0.12 0.12 5.32 5.88 5.73 5.64
180% Swell 557.3 557.3 557.3 383.4 383.1 377.8 23.32 | 0.12 0.12 0.12 0.12 422 | 480 | 4.20 441
DVR-BES-PV
120% Swell 3714 3714 3714 310.3 3104 3104 0.35 0.16 0.16 0.16 0.16 0.37 0.37 0.37 0.37
140% Swell 433.4 4334 433.4 310.3 310.3 310.3 0.32 0.13 0.13 0.13 0.13 0.37 0.36 0.37 0.37
160% Swell 495.5 495.5 495.5 3104 3104 310.5 0.37 0.12 0.12 0.12 0.12 0.36 0.37 0.37 0.37
180% Swell 557.5 557.5 557.5 310.5 310.8 311.3 0.51 0.10 0.10 0.10 0.10 0.41 0.55 0.66 0.54
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Fig. 5. Load voltage performance of 160% voltage swell
Fig. 6 and Fig. 7 show percentage of load voltage sag
and load voltage swell in four DVR combinations.
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Table 1 and Fig. 6 show that in four circuit scenarios
using a DVR, the higher percentage of sag voltage drop on
source bus then percentage of sag voltage drop on load bus is
also higher. The combination of DVR-BES-PV is capable to
produce the lowest percentage decrease in sag voltage
compared to the other three DVR combinations. In this
combination, 60% sag voltage on source bus is able to
reduce percentage of sag load voltage only of 0.24%. In
terms of harmonics mitigation, combination of DVR-BES-
PV is also able to produce the smallest average THD of load
voltage and its value has met IEEE 519. The disturbance of
60% sag on source bus with this combination is capable of
resulting an average THD of load voltage of 1.36%.
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Table 2 and Fig. 7 show that in four circuit scenarios
using a DVR, the higher percentage increase in swell voltage
on source bus, then percentage increase in swell voltage on
load side is also higher. The combination of DVR-BES-PV
circuit is capable to result the lowest percentage increase in
swell voltage compared to the other three combinations. In
this combination, disturbance of 160% swell voltage on
source bus is able to raise load voltage only of 0.37%. In
terms of harmonics reduction, the combination of DVR-
BES-PV is also capable to produce the smallest THD and it
has met the limits prescribed in IEEE 519. The disturbance
of 160% swell voltage on source bus using this combination
is able to produce an average THD of load voltage of 0.37%.
Fig. 8 and Fig. 9 show THD of load voltage on phase A for
60% sag and 160% swell disturbance.
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Fig. 10 shows performance of average THD of load
voltage for voltage sag in four DVR combinations. Fig. 11
also shows the same performance for voltage swell.
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Fig. 10 shows that in all percentage of voltage sag
disturbances (20%, 40%, 60%, and 80%) on source bus, the
DVR-BES-PV combination is capable to result the lowest
average THD of load voltage compared to the other three
combinations (DVR-Cap, DVR-BES, DVR-Cap-PV) and has
met the limit of IEEE 519. Fig. 11 also shows that in all
percentage of swell voltage disturbances (120%, 140%,
160%, and 180%) on source bus, the DVR-BES-PV
combination is able to produce the lowest average THD of
load voltage compared to other combinations and it has
fullfilled the limits prescribed in IEEE 519.

IV. CONCLUSSION

The application of DVR using BES and PV system on
low voltage distribution network is already presented. The
combination of DVR-BES-PV devices is able to generate the
lowest percentage of sag/swell compared to the other three
combinations and its value has met IEEE 1159. This devices
combination is also capable to result the lowest average THD
of load voltage depend on the other three combinations of
DVR and its value has fulfilled the limits prescribed in IEEE
519. Finally, the combination of DVR-BES-PV is able to
result the best performance in mitigation of sag/swell voltage
and harmonics on load bus.
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APPENDIX

Three phase grid: RMS voltage = 380 volt (L-L),
frequency = 50 Hz, line source impedance Ry = 0.1 Ohm,
line source inductance Ls = 15 mH; Series active filter:
series inductance Le = 0.015 mH, Series transformer: kVA
rating = 10 kVA, frequency 50 Hz, Ni/N, = 1:1; Sensite
Load: load resistance Ry = 60 Ohm, load inductance L =
0.15 mH, line load resistance R, = 0.4 Ohm, line load
inductance L, = 15 mH; DC link: voltage Vpc = 650 Volt,
capacitance Cpc = 3000 pF; Battery energy storage: Type =
nickel metal hibrid, DC voltage = 650 V, capacity = 200 Ah,
initial SOC, 100%, inductance L; = 6 mH, capacitance C; =
200 puF; PV array active power = 0.6 kW, temperature = 25°
C, irradiance = 1000 W/m?>.
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