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ABSTRACT Though we have many power quality issues, voltage sag, interruption and swell are considered
to be very important ones as it occurs very frequently and affects the sensitive loads adversely. Though
many topologies of DVR are presented in the literature, all the topologies have used P or PI or PID or
fuzzy or neural network controllers to mitigate power quality issues. But in this paper, it is proved that it
is possible to mitigate the voltage sag, swell and outages using Dynamic Voltage Restorer (DVR), without
using any controllers like P, PI, PID, fuzzy or neural networks. The proposed DVR consists of a battery
bank as an energy storage device, a Voltage Source Inverter (VSI), control circuitry to generate switching
pulses, LC filter and a series transformer. The proposed DVR is connected immediately after the distribution
transformer in order to protect the load from supply voltage deviations. The three phase supply voltages
are always measured and converted into Direct-Quadrature-Zero (DQ0) quantities and compared with the
reference value to generate error signals.When the supply voltage is at rated value, the error signal is zero. So,
PWM will not be generated by the control circuitry and the VSI won’t generate any compensating voltage.
At this condition, the secondary winding of the series transformer will also be short circuited using a breaker.
So, the voltage injected into the line by the DVR is zero. Thus, the load voltage is equal to supply voltage
and maintained at rated value. Whenever a sag or swell or interruptions occurs at the supply side, the three
phase voltages are not at rated value and also unbalanced. So, error signals will be generated in the DQ0
frame. These error signals in the DQ0 frame are again converted into three phase voltages using inverse
DQ0 transformation. Using these three phase error signals, switching pulses are generated for the VSI.
The generated compensating voltage is injected along with the supply voltage using the series transformer,
in order to maintain the load voltage at rated value. MATLAB Simulink software is used for simulation
and the presented results validate that the proposed DVR can effectively mitigate balanced and unbalanced
voltage sag of 100%, balanced and unbalanced voltage swell of 100%, single phase outage and three
outages.

INDEX TERMS Dynamic voltage restorer (DVR), sag, swell, short interruption, power quality, VSI.

I. INTRODUCTION
Power quality is affected and degraded due to the disturbances
occurring in the transmission as well as in the distribution
sides. (Flexible AC Transmission System) FACTS devices
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are employed at the transmission side to overcome the
power quality problems [1], [2]. Custom power devices are
employed in the distribution side to compensate for the power
quality disturbances like voltage sags, interruption, swells,
and harmonic distortions, etc. The effect of a power quality
issue depends upon the type of utility. Certain issuesmay pose
a serious problem for a given utility class, but it may not be
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considered a big issue for another class. So, it is practically
quite difficult to rank the above issues according to their
severity [3], [4].

Generally unpredictable faults on the distribution and
transmission systems cause voltage sag, interruption, and
swell. The voltage sags are also caused by starting of large
motors, switching of large loads, energizing of transformers
and equipment faults. Most of these faults (70-80%) will be
self-cleared within a fewmilliseconds as explained in [5], [6],
and [7]. IEEE Standard 1100-1992 in IEEE Emerald Book
defines voltage sag as, ‘‘a rms reduction in the AC voltage
from 90% to 10% of nominal supply, at the power frequency,
for durations from a half-cycle to a few seconds’’. Voltage
swell is defined as, ‘‘a short duration increases in rms supply
with an increase in voltage ranging from 110% to 180%
of nominal supply’’. Highlighted that the main reasons for
voltage swells are switching large capacitors or the sudden
removal of large loads [8], [9], [10]. As the various issues
originate both from utility and customer sides, the solution is
also to be provided on both sides. While the FACTS devices
are controlled by the utility, the custom power devices are
installed, operated, and maintained by the customers at their
premises. Hence, line conditioners have been developed to
perform the role of regulating, conditioning, isolating, puri-
fying, and distributing incoming power with adequate power
quality standards.

All most all industries and automation systems use embed-
ded systems like computers, micro controllers, microproces-
sors, digital signal processors, and field programmable gate
arrays for the automation process. These embedded devices
are very sensitive to supply voltage variations [11], [12]. If the
magnitude of the supply voltage changes, then these embed-
ded devices will get switched off and result in data, time, work
and economic losses. For example, in a paper manufacturing
industry, if the supply voltage deviation occurs, then speed of
the motor will get changed or suddenly stopped. This, will
lead to change in thickness of the paper or the paper will get
ripped. This in turn results in rejection of the whole bundle of
the paper, halting the entire process and restarting the whole
system again. All these results into loss of economy, human
resource and time [13], [14]. So, it is mandatory to maintain
the power quality of the system in order to avoid process
disturbances in the precision and automated industries, which
employ many embedded systems that are very sensitive to
power supply disturbances.

Though many CUPS devices like UPS, DSTACOM are
available to improve the power quality in distribution side,
DVR is a recent and effective device to improve the power
quality [15], [16], [17]. Uninterruptible Power Supply con-
verts the AC to DC and stores the energy in the battery. This
stored DC is converted to AC and delivered to the utilities.
It mitigates most of the power quality problems with a double
conversion process [18]. Solid State Transfer Switch doesn’t
need an energy storage device for mitigation. When a power
quality disturbance occurs, it disconnects the faulty feeder

and connects to a healthy feeder [19]. Compared to UPS,
DVR is cost effective and more efficient since UPS needs to
operate all the time whether the power quality disturbance
occurs or not. Dstatcom is a shunt controller, which needs
a high-power rating transformer which has to withstand large
shunt injection current, to mitigate voltage sag, swell or inter-
ruption [20], [21]. The Dynamic Voltage Restorers (DVR) is a
recent series active controller developed to compensate power
quality issues for the entire duration of their occurrence,
maintaining a clean regulated voltage at critical loads. In this
paper, the power quality issues like voltage sag, swell and
interruption had been identified, and it is mitigated using
the DVR.

Many DVR topologies are presented in the literature sur-
vey. DVRs based on direct converters are presented in [6]
and [7], in which power required for compensation is taken
from the AC supply side and AC/AC direct converters are
used to generate compensating voltage for mitigating volt-
age sag and swell. In this topologies, single phase outage
or three phase outages can’t be compensated as there is no
voltage available at the supply side during outage. Moreover,
these topologies can compensate only 50% of voltage sag or
depending upon the voltage availability at the supply side.
DVRs based on energy storage devices are using either bat-
tery banks or capacitor banks for storing DC power and a
voltage source inverter (VSI) is used to synthesis the com-
pensating voltage from the DC power stored in the battery
banks. As the compensating voltage is synthesized from the
DC power stored in the battery banks, these topologies can
mitigate 100% of voltage sag, swell and also outages.

Cuckoo search algorithm is used in [22] to mitigate
power quality problems using DVR based on energy storage
device. Zero Active Power Tracking Technique is presented
in [23] for DVR capability enhancement. A hysteresis voltage
control loop is implemented along with the synchronous ref-
erence frame technique in [24]. Harris Hawks Optimization
Algorithm is implemented for enhancing the DVR control
system in [25]. A discrete time control method is applied
for fast transient voltage sag compensation in DVR in [26].
An adaptive neuro-fuzzy control strategy based on soft com-
puting is used for power quality improvement in [27]. In [28],
in order to improve the transient responses of the three-phase
load voltage and the DC-link voltage under the sudden
grid voltage distortion conditions, a novel recurrent com-
pensation petri fuzzy neural network controller is used. For
power quality enhancement using DVR, a predictive space
vector transformation with proportional resonant controller,
is presented in [29]. Improved instantaneous reactive power
theory-based control of DVR for compensating extreme sag
and swell is presented in [30] and both line current and
supply side voltages are sensed in order to generate the
compensating voltage. But in the proposed control technique,
compensating voltage is generated only by sensing the sup-
ply side voltage. Moreover, all the above-mentioned DVR
topologies are using some algorithms or special control loops
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or intelligent controllers or P controller or PI controller or
PID controller for voltage sag and swell compensations. But
the proposed topology is not using any algorithm or any PI
controller or current measurement or artificial intelligence or
neuro or fuzzy technique for the compensation. The proposed
topology is simply measuring the supply side voltage and
expressing it in DQ0 quantities. The obtained DQ0 quantities
are compared with the reference values to generate the error
signals. The switching pulses are generated from the error
signal in order to synthesis the compensating voltage.

II. TOPOLOGY OF THE PROPOSED DVR
As the DVR is a custom power device, it is installed immedi-
ately after the distribution transformer in order to protect the
loads from the supply voltage deviations. The topology of the
proposed DVR is shown in the figure 1. The proposed DVR
has a battery bank as an energy storage device. The battery is
connected to the VSI in order to supply DC power to the VSI.
The output voltage of the VSI is fed to the primary winding of
series transformer through LC filters. A breaker is connected
across the secondary winding of the series transformer. The
supply voltage is continuously measured and compared with
the rated reference value. When the supply voltage is at rated
value, no error signals will be produced. No switching pulses
will be generated for the VSI. So, the compensating voltage
generated by the DVR will be zero. At this condition, the
breaker will be in closed condition. The secondary winding
of the series transformer will be short circuited. Load voltage
will be equal to the supply voltage and at rated value.

FIGURE 1. Topology of the Proposed DVR.

Whenever a voltage sag or swell or interruption occurs,
the supply voltage will not be equal to rated value. So, error
signals will be generated. The DVRwill generate the required
compensating voltage using the control circuitry. The breaker
across the series transformer will be opened. The compensat-
ing voltage will be added to the line, along with the supply
voltage through the series transformer in order to mitigate
the voltage sag, swell and interruption. The supply voltage
is continuously measured and monitored.

III. CONTROL ALGORITHM
The supply voltage from the grid is continuously moni-
tored by the control circuit. The proposed DVR and the
control circuits are installed immediately after the distribu-
tion transformer. The control system’s job is to continuously
monitor and identify any disruptions in the supply voltage

by comparing it with the predetermined reference value and
synthesis the required PWMswitching pulses for VSI in order
to generate the required compensating voltage.

It is very well known that the three phase voltages can
be expressed in direct quadrature voltages using Clarks and
parks transforms. It is also known that when the three phase
voltages are at rated value, their corresponding direct axis
voltage and the quadrature axis voltage will have the values
as 1 and zero. So, the reference values in DQ0 frame are 1
for Vsd and 0 for Vsd and Vs0. Based upon these very well-
known facts, the supply voltages Vsa, Vsb, and Vsc are first
transformed to the Vsd,Vsq andVs0, using the equation (1).Vso
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Under rated condition, let, Vsa as Vmsinwt, Vsb as
Vmsin(wt-120) and Vsc as Vmsin(wt-240). Then from
equation (1), we will get Vso and Vsq as zero and Vsd as
Vm (which is nothing but 1 per unit). The obtained supply
voltages Vs0, Vsd and Vs0 in DQ0 frame, are compared with
the reference values. The control circuit block diagram is
shown in the figure 2. Vsd will be compared with 1. Vs0 and
Vsq will be compared with 0. If the supply voltage is at rated
value, then the Vsd will be equal to 1, both Vs0 and Vsq will 0.
Then the error value will be zero. So, no PWM pulses will
be generated and the compensating voltage generated by the
VSI is zero. In this condition the breaker will be closed. This
will short circuit the secondary side of the series transformer
and the compensating voltage added will be zero. So, the load
voltage will be equal to rated supply voltage.

FIGURE 2. Control Circuit Block Diagram.

Whenever a voltage sag swell or interruption occurs, the
supply voltages are unbalanced and not at rated value. So,
neither Vsd will be equal to 1, nor Vs0 and Vsq will be
equal to 0. So, an error voltage will be generated when
compared with the reference DQ0 values. This error DQ0
voltages are Ve0, Ved and Veq. The error voltages Ve0, Ved
and Veq in DQ0 frame, will again convert into three phase
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voltages Vea, Veb and Vec using equation (2).
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Vea, Veb and Vec error signals are compared with the
carrier signals and the PWM switching pulses are generated
for the VSI. A phase locked loop circuit is used to track
the phase of the supply voltages in order to generate the
compensating voltage according to the three different phases
of the supply voltage. The compensating voltage generated by
the DVR is injected in the line along with the supply voltage
through the series transformer in order to maintain the load
voltage at rated condition at all the time.

IV. SIMULATION RESULTS
To verify the proposed algorithm, the supply voltage from the
grid is chosen as 23kV. This supply voltage is stepped down
using a 6.25 kVA distribution transformer of 23kV/400 V.
A RL load of 5 kVA with 0.8 power factor lag is chosen.
The DVR is connected immediately after the distribution
transformer. The voltage of the battery bank is 700 volts.
A voltage source inverter is constructedwith 6 IGBT switches
with anti-parallel diodes. A LC filter of 2 milli Hendry and
15 micro farad is connected at the output of the VSI. The
filtered output voltage is added to the supply voltage using a
6.25 kVA series transformer of 1:1 turns ratio. The proposed
DVR is able to mitigate voltage sag, swell, single phase
outage and three phase outages successfully. The simulation
results are presented below in per unit value. As the results are
expressed in per unit value, the results are self- explanatory
and easy to understand the effectiveness and reliability of the
proposed DVR.

Mitigation of single-phase voltage sag of 50% in phase ‘a’
is shown in the figure 3. Mitigation of balanced voltage
sag of 20% and 50% is shown in the figure 4 and figure 5
respectively. Mitigation of unbalanced voltage sag of 20% in
phase ‘a’, 50% in phase ‘b’ and 25% in phase ‘c’ is shown in
the figure 6.

FIGURE 3. Single phase voltage sag mitigation (a)Source Voltage in Per
Unit (b) Compensating voltage generated by the DVR in Per Unit (c) Load
voltage in Per Unit.

FIGURE 4. Balanced voltage sag mitigation (a)Source Voltage in Per Unit
(b) Compensating voltage generated by the DVR in Per Unit (c) Load
voltage in Per Unit.

FIGURE 5. Balanced voltage sag mitigation (a)Source Voltage in Per Unit
(b) Compensating voltage generated by the DVR in Per Unit (c) Load
voltage in Per Unit.

FIGURE 6. Unbalanced voltage sag mitigation (a)Source Voltage in Per
Unit (b) Compensating voltage generated by the DVR in Per Unit (c) Load
voltage in Per Unit.

Mitigation of single-phase outage in phase ‘c’ and unbal-
anced voltage sag of 20% in phase ‘a’ and 50% in phase ‘b’
is shown in the figure 7. Three phase outage mitigation is
shown in the figure 8. The ability of the proposed DVR to
compensate balanced voltage swell of 100% and single-phase
swell of 100% in phase ‘a’ are shown in the figures 9 and 10
respectively. Unbalanced voltage swell of 100% in phase ‘a’,
75% in phase ‘b’ and 50% in phase ‘c’ is shown in the
figure 11.

V. PERFORMANCE COMPARISON
DVR control based on Cuckoo search algorithm presented
in [22], uses two DC link capacitors to maintain the DC link
voltage constant and the DC voltage is maintained constant
by using the cuckoo search algorithm. But in the proposed
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FIGURE 7. Single phase outage and Unbalanced voltage sag mitigation
(a)Source Voltage in Per Unit (b) Compensating voltage generated by the
DVR in Per Unit (c) Load voltage in Per Unit.

FIGURE 8. Three phase outage mitigation (a)Source Voltage in Per Unit
(b) Compensating voltage generated by the DVR in Per Unit (c) Load
voltage in Per Unit.

FIGURE 9. Balanced voltage swell mitigation (a)Source Voltage in Per Unit
(b) Compensating voltage generated by the DVR in Per Unit (c) Load
voltage in Per Unit.

FIGURE 10. Single phase voltage swell mitigation (a)Source Voltage in Per
Unit (b) Compensating voltage generated by the DVR in Per Unit (c) Load
voltage in Per Unit.

topology, no DC link capacitors are used but the Dc link
voltage is maintained constant without using any algorithm.

FIGURE 11. Unbalanced voltage swell mitigation (a)Source Voltage in Per
Unit (b) Compensating voltage generated by the DVR in Per Unit (c) Load
voltage in Per Unit.

Zero Active Power Tracking Technique based DVR is
presented in [23] has used 12 switches for implementing
voltage source inverter. But the proposed topology has used
only 6 switches for the VSI.

Synchronous Reference Frame based DVR in [24] and
soft computing adaptive Neuro-Fuzz controllers-based DVR
presented in [27] have also used a DC link capacitor for main-
tain the DC link voltage constant and also used 3 switches
around the series transformer. One breaker across the series
transformer to short circuit when the supply voltage is at
rated value. Two switches on both the side of the transformer,
to connect the series transformer along the linewhen a voltage
fluctuation occurs. In the proposed topology, only one breaker
is used to short circuit the secondary side of the transformer
when the supply voltage is at rated condition. As the series
transformer is permanently connected in the line, it is enough
to open the breaker when the supply voltage has fluctuations.

Harris Hawks Optimization Algorithm based DVR pro-
posed in [25] has not used any breaker across the series
transformer to make the compensation voltage zero when the
supply voltage is at rated condition. Moreover, this topology
also uses a DC link capacitor across the battery and the series
transformer turns ration is 3:1. But the proposed topology
didn’t use any DC link capacitor and has used series trans-
former with the turns ration of 1:1 tomitigate 100% sag, swell
and outages.

A discrete time control method is applied for fast transient
voltage sag compensation in DVR in [26]. This topology has
used a series transformer of rating 20kVA for a load of 5 kVA.
This is a very high value. But the proposed topology has used
a series transformer of 6.25 kVA for a load of 5 kVA.

In [28], in order to improve the transient responses of the
three-phase load voltage and the DC-link voltage under the
sudden grid voltage distortion conditions, a novel recurrent
compensation petri fuzzy neural network controller is used.
In this presentation, no breaker is used across the series
transformer in order to short circuit the secondary side of
the transformer when the supply voltage is at rated condi-
tion. The control algorithm is highly complex to implement.
But the proposed topology is very simple rugged and easy to
implement.

For power quality enhancement using DVR, a predictive
space vector transformation with proportional resonant con-
troller, is presented in [29]. This topology has used a DC link
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capacitor for maintaining the DC link voltage and no breaker
is used across the series transformer.

Improved instantaneous reactive power theory-based con-
trol of DVR for compensating extreme sag and swell is
presented in [30] and both line current and supply side volt-
ages are sensed in order to generate the compensating voltage.
In this topology no braker is used across the series trans-
former and DC link capacitor is used. But in the proposed
control technique, compensating voltage is generated only
by sensing the supply side voltage and no DC link capacitor
is used.

All the above-mentioned topologies didn’t show any
results regarding mitigation of single-phase outages and three
phase outages. In this paper the mitigation of single-phase
outage and three phase outages using the proposed DVR is
shown.

All the above-mentioned DVR topologies are using some
algorithms like cuckoo search algorithm or special control
loops or intelligent controllers like neuro or fuzzy or at
least P or PI or PID controller for compensations. But the
proposed topology is not using any algorithm or P or PI
or PID controller or current measurement or artificial intel-
ligence or neuro or fuzzy technique for the compensation.
The proposed topology is simply measuring the supply side
voltage and expressing it in DQ quantities. The obtained DQ
quantities are compared with the reference values to generate
the error signals. Th error signal obtained in the DQ0 frame is
again expressed in three phase quantities using inverse DQ0
transform. The switching pulses are generated from the error
signal in order to synthesis the compensating voltage and
mitigating 100% voltage sag, swell and outages without using
any controllers or algorithm.

VI. CONCLUSION
From the above simulation results, it is proved that the
proposed DVR based on energy storage device as battery
banks, can mitigate balanced voltage sag, unbalanced volt-
age sag, single phase outage, three phase outage, balanced
voltage swell and unbalanced voltage swell of 100%, using
DQ0 theory. The control is very simple, rugged and easy to
implement, as voltage source inverter with only six IGBT
switches are used for three phase system. In the literature,
many topologies were presented tomitigate voltage sag, swell
and interruption using DVR but they all have used controllers
like P or PI or PID controllers or fuzzy logic controllers or
neural network controllers or some algorithms. But, in the
proposed model, it is proved to mitigate voltage sag, swell
and outage, no controller is needed. With out any controller
and algorithms, just by using DQ theory, the proposed system
has generated the PWM pulses needed for generating com-
pensating voltage to mitigate the sag, swell and outages. The
simulation results validated the ability of the proposed system
for the compensation of 100%voltage sag, swell, single phase
outage and three phase outages without any controllers using
DVR based on energy storage device.
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