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Abstract
Enhancing and regulating power quality is a fundamental necessity in any industry reliant on power,
aiming for the optimal utilization of resources. The power quality challenges, including sags, swells,
harmonic distortions, and interruptions, have been acknowledged as critical issues. Among these, sags
and swells are prevalent and can significantly impact electrical devices ormachines, necessitating swift
compensation to preventmalfunction or failure. Custompower devices such as theUnified Power-
Quality Conditioner (UPQC), Distribution Static Synchronous Compensator (DSTATCOM), and
DynamicVoltage Restorer (DVR) are employed to address these issues. TheDVR, a custompower
device specifically designed for compensating voltage sags and swells, offers the advantage of active/
reactive power control. A considerable body of literature over the past years has explored variousDVR
configurations and control techniques. This comprehensive review focuses onDVRs, presenting
diverse power circuit topologies and control techniques available to address power quality issues.
Noteworthy advancements inDVR technology include the incorporation of advanced control
algorithms, facilitatingmore accurate voltage tracking and precise injection of compensating voltage.
These algorithms can be implemented through digital signal processors (DSPs) orfield-program-
mable gate arrays (FPGAs), ensuring rapid and precise DVR control. Furthermore, the adoption of
high-frequency inverters inDVRs represents a significant development. These inverters operate at
much higher frequencies than traditional counterparts, enabling quicker switching and the injection
of amore precise compensating voltage. This review aims to assist in selecting optimal control
strategies and power circuits forDVRs tailored to specific requirements, providing valuable insights
for researchers in thisfield.

Abbreviations

AC Adaptive Control

AC Alternating Current

AF Active Filter

ANN Artificial Neural Network

BESS Battery Energy Storage Systems

CPD CustomPowerDevices

CHB CascadedH-Bridge
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DS Distribution System

DSC Distribution Series Capacitors

DSTATCOM Distribution Static SynchronousCompensator

DVR DynamicVoltage Restorer

EM EnergyMinimization

FACTS Flexible ACTransmission system

FC FlyingCapacitors

HESS Hybrid Energy Storage Systems

IDVR InterlineDynamic Voltage Restorer

IEC The International Electromechanical Commission

IGCT IntegratedGate-Commutated Thyristor

IGBT InsulatedGate Bipolar Transistors

IPFC Interline power flow controllers.

MLI Multilevel Inverters

MV MediumVoltage

LV LowVoltage

NPC Neutral-Point Clamped

PCC Point of CommonCoupling

PF Power Factor

PQ Power quality

PI Proportional-Integral

PWM PulseWidthModulation

RTA Real Twisting Algorithm

RTSMC Real Twisting SlidingModeControl

RMS RootMean Square

SETC Static Electronic TapChangers

SMC SlidingModeControl

ST Super Twisting

STATCOM Static SynchronousCompensator

SSB Solid-State breaker,

SSCL Solid-State current limiter

SSTS Solid-State transfer switch

SEMI Semiconductor Industrial Equipment Voltage Sag Immunity Standard

SSSC Static Synchronous Series Compensators

SMES SuperconductingMagnetic Energy Storage

SOC State of Charge

SSTS Solid-State Transfer Switches

SA Surge Arresters

TSC Thyristor SwitchedCapacitors

SSFCL Solid State Fault Current Limiter

SRF Synchronous Reference FrameTheory

SVC Static VarCompensator

THD TotalHarmonicDistortion

UPS Uninterruptible Power Supply

UPFC Unified Power FlowController

UPQC Unified PowerQuality Conditioner

VDVR DVRVoltages
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VS Voltage Sag/Swell

VSC Voltage Source Converter

V State vector

v State variable

v First derivative state variable V

Vref Reference Volatge

S Sliding Surface

VP Pre fault voltage of peak

VPSag Peak faulty voltage sag

Φ Phase angle,

t1 Sag beginning time,

t2 Recovery of voltage to nominal value,

ω Angular frequency.

Vs Source voltage,

ZS Source impedance,

ZL1 Load 1 impedance,

ZL2 Load 2 impedance

ITIC Information Technology Industry Council

IEEE Institute of Electrical and Electronics Engineers

1. Introduction

The issue of PowerQuality poses significant challenges in contemporary power systems, casting adverse effects
on both consumers and utility providers [1].With a surge in demand andheightened competition among
electric supply providers, there is a concerted effort to deliver high-quality electricity to end-users.
Consequently, customers across residential and industrial sectors, especially thosewith sensitive loads, bear the
brunt of poor power quality. The power system, comprising generation, transmission, and distribution, plays a
pivotal role in this scenario [2].

On the distribution side, power is disseminated to diverse loads through transmission lines [3].While the
distribution network accommodates various types of loads, it is noteworthy that poor power quality exerts a
more pronounced impact on sensitive loads. Equipment such as programmable logic controllers, digital
computers, computer numerical control systems, and variable frequencymotor drives are particularly
vulnerable to the array of power quality issues prevalent in distribution systems [4].

TheDistribution system (DS) emerges as themost vulnerable componentwithin the power system,
rendering it highly susceptible to the ramifications of power quality issues. The challenges faced by the
Distribution system stem from factors such as faults,fluctuating load conditions, and the intricacies associated
with interconnected or radial configurations. Furthermore, compared to power generation and transmission,
theDistribution system typically operates at a lower voltage profile [5].

Flexible AC transmission systemdevices likeUnified power flow controller (UPFC) [6], Static synchronous
series compensators (SSSC) [7], Interline powerflow controllers (IPFC) [8], and the Static synchronous
compensators (STATCOM) [9], are generally customized to be employed in electrical distribution system
known asCustompower devices (CPDs) such asDynamicVoltage Restorer (DVR) [10], Activefilter (AF) [11],
Unified power quality conditioner (UPQC) [12], andDistribution static synchronous compensator
(DSTATCOM) [13].

TheDVR stands out as the optimal solution formitigating power quality (PQ) issues due to its exceptional
performance, surpassing other devices available in themarket. Furthermore, as compared to other devices, DVR
provides a cost-effective alternative [14]. DVR is often installed among a network and the sensitive load, with the
help of a transformer providing supplemental power tomitigate for voltage instabilities thatmay harm the
appliance. Infigure 1, the generalizedmodel of aDVR is presented, showcasing its integrationwith the grid. The
DVR configuration primarily consists of an energy storage unit and a control system. It is connected to the grid
via a voltage source inverter, which is linked in series with the grid through an injection electrical device and a
lowpass filter [10]. DVR control systems are categorized into fourmain components: detection, reference
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generation, voltage/current control, andmodulation [15]. There has also someMerit and demerit ofDVRover
other Customdevices [10, 14, 16, 17].

1.1.Merit

• Static VARCompensator has no capability to control the real power stream along these linesDVR is still in
Favor.

• DSTATCOMand other custompower gadgets are huge and expensive when contrastedwithDVR.

• TheDVRhasmore vitality capability when contrastedwithUPS.DynamicVoltage Restorer has numerous
benefits overUninterruptible Power Supply, for example low cost and lessmisfortunes.

1.2.Demerit

• It compensated for the PQ issues usually 50 percent.

• If the voltage to be injected exceeds the voltage rating of the protection, it becomes ineffective.

• DVRbecomesmore costly as the rating of power increases (whenmore than 50%).

• Unfeasible solution to power outage issues.

• The protection strategy is tough and expensive.

2. Power quality

Power quality in electrical systems is a significant and pressing challenge, impacting both utility providers and
customers alike [1]. Power quality (PQ) remains a vital concern inmodern power systems, particularly as they
increasingly integrate large-scale renewable energy sources and incorporate numerous power electronics
devices. The economic value of power quality is significant, as it directly impacts utilities, consumers, and load
device vendors, all of whommay experience financial consequences as a result. Formany users, power quality
may have an immediate economic effect [18].

2.1. Issues of power quality
PowerQuality concerns havemany kinds of effects, causes and solutions thatmay be utilized power to enhance
quality and their tool performance. Table 1 discusses the definitions, causes, and impacts of several issues such as
voltage sag/swell, transients, voltage flicker, harmonics, voltagefluctuation, noise, voltage spikes, voltage
imbalance and power frequency variation [19–30].

Figure 1.Block diagramofDVR.
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Table 1.Power quality issues and their causes and effects.

Issues of power quality Causes Effect

Voltage Sag: Turning over of huge

motors.

Memory disaster,

Data blunder,

Moderate lights

and shrinking

demonstrate

screens, Apparatus

shutdown.

According to IEEE

1152–1995, voltage

sag (VS) occurs when
the ACvoltage

experiences an

abrupt drop in the

rootmean square

(RMS) value, from
0.1 to 0.9 p. u., any-

where fromone half-

cycle to oneminute.

Energization of sub-

stantial burdens and

falseVAR

compensation.

Issues on the

distribution station.

Voltage Swell: Stimulating a enor-

mous capa-

citor bank.

Bright lights.

The term ‘voltage swell’

refers to the rise in

rated voltage that

occurs when the load

is suddenly dis-

connected or when a

highly capacitive

load is connected

Switching off an

enormous load.

False VAR

compensation.

Data errors.

The squinting of

digital clock.

Voltage Interruption Short circuit, instru-

ment failure,

Effects areHard-

ware trips off

It is themoment at

which the voltage

and load current

drop to less than.1

per unit and donot

exceed oneminute.

Insulator failures,

Lightning

Programming is

vanished

Disk drive crashes.

Harmonic Distortion:

Harmonic distortion

is the distortedwave-

formof normal

waveform induced

by the load.Harmo-

nics are waveforms

that have integral

multiples of funda-

mental waveform’s

frequency.

IT apparatus, fluor-

escent illumination

for example change-

able frequency

drives, SMPS.

Increments in line

currents, Higher

misfortunes

Transformer,

overheating of

conductor,

decreased hard-

ware life range,

equipment failing.

Transient: Stumbling, Pro-

cessingmistake,

Datamisfortune,

andHardware

reboot need,

Components

failure

Transients are brief but

large variations from

normal voltageor

current values.Tran-

sients generally

endurebetween200

millionths andhalf a

second. Lightning,

electrostatic dis-

charges, and load

switching are the

most commoncauses

of transients

More lightning,

rotating significant

tools on or off, con-

secutive empower-

ment of capacitor.
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Table 1. (Continued.)

Issues of power quality Causes Effect

Voltage Flicker Transmission and

the distribution sys-

tems of utility, arc

furnaces and voltage

variations

Irritation of the

visuals,

Flicker is described as

tiny amplitude fluc-

tuations in voltage

levels occurring at

fewer than 25Hertz

frequency. Large,

quickly varying loads

such as arc furnaces

and electric welders,

create flicker.

the inclusion of a

significant num-

ber of harmonic

components in the

power supply and

their associated

equipment

Power frequency

variation:

Heavy loads (induc-
tive loads,motors,

andTransformer

excitation)

Heating up, slow

failure, ineffi-

ciency inmotors

and sensitive

devices

The variation between

the fundamental

frequency of the elec-

tricity systemand its

nominal value.

Voltage Spikes:

Variation in voltage

value across time-

scales ranging from a

fewmicroseconds to

a fewmilliseconds.

Even at low voltage,

these fluctuations

can reach thousands

of volts.

Internal voltage

changes, lightning,

static electricity, and

magnetic fields.

current spike

Voltage Variation: Connectors that are

loose or rusted,

either in the home or

on the powerlines.

The power factor

will be reduced.
Voltage value oscilla-

tionwith amplitude

modulation by a sig-

nal with a frequency

of 0 to 30 Hz.

Temperatures are

rising.

Voltage unbalance: Mechanical strains

inmotors because of

lower-than-normal

torque output, as

well as unbalanced

current flowing in

neutral conductors

in three-phase wye

systems

Noise,motor

vibration and

collapse
In a three-phase system,

a voltagefluctuation

occurs when the

magnitudes of the

three voltages or the

phase angle differ-

ences among them

are not identical.
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2.2. IEEEPQ standard forDVR
Some initiatives have been taken to control theminimumPQ level that utilitiesmust deliver to consumers, as
well as the immunity level that equipmentmust have to operate effectively when the power deliveredmeets the
standards. Nonetheless, the IEEE standards provide greater practical and academic information on the
phenomenon,making it an extremely helpful reference. The following sections explain some of the IEEEpower
quality standards [24, 31].

2.2.1. 519–1992-IEEE
Recommendations and requirements for harmonic control in electrical power systems. In this standard, the
restriction of voltage and current harmonics for PCC is less than 5%.

2.2.2. 1100–1992—IEEE
This standard applies to powering and grounding sensitive electrical equipment. It also contains design and
installation suggestions, as well as electronic equipmentmaintenance. This standard describes the grounding
procedure in detail.

2.2.3. 142–2007—IEEE
This standard specifies the grounding and power requirements for industrialmanufacturingmachinerywith
extremely high ratings. It also includes specific industrial equipment grounding difficulties and solutions. It also
contains issues with neutral connections, as well as their remedies, as well as the benefits and drawbacks of
grounded and ungrounded circumstances. This standard also addresses the difficulty of connecting equipment
frames to the ground, which is connected to bounding.

2.2.4. 141–1993—IEEE
This IEEE standard governs the installations and distribution of industrialmachinery and plants. This standard
address some of themost important aspects of industrial plant design and distribution. This standard is included
in the color book. Proper installation and dispersion of the industrial plants. It also covers the protection of the
industrialmachinery andworkers in industry.

2.2.5. 241–1990 - IEEE
This standard governs the design and installation of electrical power systems in commercial structures. It is a
full-color book that covers the sources, necessary protection, relay coordination, load characteristics, electrical
spacing, wiring system, and other topics. It just contains references, yet it is quite useful for commercial building.
This is the positionwemust takewhen it comes to commercial construction.

2.2.6. C57.110–1986—IEEE
Whendelivering non-sinusoidal load currents, it’s a good idea to build transformer capabilities. The Standard’s
purpose is to establish standardized processes for assessing a transformer’s capacity to deliver non-sinusoidal
load currents while preserving normal life expectancy. Twomethods arementioned. Thefirst is for thosewho
know a lot about loss density distribution in transformerwindings.

The secondmethod is less accurate and should be utilized only by thosewho have accessibility to
transformer approved test report information. Thefirstmethod is anticipated to bemostly utilized by
transformer design engineers, whereas the secondmethod is expected to be primarily used by customers. This

Table 1. (Continued.)

Issues of power quality Causes Effect

Noise: welders, transmit-

ters, and switchgear

Equipment fail-

ure, overheating,

and premature

wear are all

possibilities.

Superimposition of

high-level signals on

the power system

frequency

waveform.
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best practice will be useful in determiningwhether existing transformers can handle non-sinusoidal load
currents, as well as in defining new transformers to handle non-sinusoidal loads [30].

2.3.Others alternative CPD for power quality improvement
Each special power device has its possess advantages and the limitations, Static Electronic TapChangers (SETC)
[32], Static VARCompensator (SVC) [33], Battery Energy Storage Systems (BESS) [34], Super conducting
Magnetic Energy Systems (SMES) [35], Distribution Series Capacitors (DSC) [36], Solid-State Transfer Switches
(SSTS) [37], Capacitor-FC [38], Surge Arresters (SA) [39], Thyristor SwitchedCapacitors (TSC) [40], Solid State
Fault Current Limiter (SSFCL) [41], unified power-quality conditioner(UPQC) [42], Uninterruptible Power
Supply (UPS) [43], PowerConditioner Filters [44], Distribution-STATCOM (DSTATCOM) [45], HybridActive
Powerfilters [44] and Filter-HAPF Fixed [43].

TheDVR is regarded as a specific power supply that is effective and efficient in reducing voltage distortion-
sensitive loading effects. Table 2 discusses the properties of these various types of devices [46].

3.Dynamic voltage restorer

DVR is series compensator that inserts voltage into the distribution system to regulate load side voltage. It is
linked between the supply and sensitive load to compensate for line voltage harmonics, transient reduction,
voltage sags and swells. The fundamental working idea is to inject a voltage of the proper amplitude and
frequency to restore the load voltagewhen there is voltage sag, as shown infigure 1 [47].

The power circuit, which injects the necessary voltage, and the control circuit, whichmanages the load
voltage of the systemwithin set limits, are critical components of DVR [48]. It ismade up of the following
primary components, each of which is described in section 3.1.

3.1. Structural element ofDVR
3.1.1. Energy storage andDC link
The active power need ofDVRduring ‘compensation’ ismet by theDC connection and energy storage devices.
For load voltage correction during dips, the required vitality can be drawn from an auxiliary supply or the
network grid itself [47].When theDVR grid is weak, the auxiliary supply system is employed to boost
performance. The energy source can be SMES (Superconductingmagnetic energy storage) [49],flywheel [50],
Auxiliary power supply [51], Hybrid energy storage systems [52], super capacitors [53], fuel cell [51] and lead-
acid formostDVR applications. If the grid is strong, the leftover voltage on the supply or load side is used to
deliver needed power to theDVR; anAC/DC/AC converter is employed in this technique [54].

Table 2.PQ issues compensating devices.

CPDdevices
Issues of power quality

Sag Swell Transient Flicker Noise Harmonics Frequency deviation Interruption

Voltage

spikes

Voltage regulator Yes Yes No No No No No No No

Filter No No No No Yes yes No No No

UPS yes Yes Yes yes Yes yes yes yes yes

Passive filter No No No No No No yes No No

Fixed capacitor yes No No No No No No No No

Surge Suppressor No No Yes No No No No No No

HAPE No No No No No yes No No No

Isolation transformer No No Yes No Yes No No No No

SVC yes Yes Yes No No No yes No No

UPQC yes Yes Yes yes Yes yes yes yes yes

STATCOM yes Yes Yes No No No yes No No

PowerConditioner yes Yes Yes No Yes No No No No

SPS No No No No No No No yes No

Active powerfilter No No No No No Yes No No Yes

DSTATCOM yes Yes Yes yes Yes yes yes yes yes

DVR yes Yes Yes yes Yes yes yes No yes

SSFCL No No No No No yes No No No

BESS/SMES yes Yes No/Yes No No Yes/No No No No
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3.1.2. Voltage source inverter
This is a power-generating electric gadgetmade up of a switching device that can create a ‘Sinusoidal voltage’
with the requisite frequency,magnitude, and phase edges [55]. TheVSI’s primary function is to convert DC
voltage from anyDC storage to AC voltage. InDVR,VSI inverters such as Thyristor (GTO), matrix converter
withflywheel, IntegratedGate-Commutated Thyristor (IGCT), Bidirectional converter, Type-dc-ac/ac-ac
converter, Connection-series,MOSFET, and InsulatedGate Bipolar Transistors (IGBT) are used [56–61].

3.1.3. Filters circuit
As a result of the inherent nonlinear characteristics of the semiconductor switches used, the output of theDVR’s
inverter exhibits distortion and a significant number of harmonics. The primary objective of theDVR’s filtering
system is tomitigate and eliminate the harmonics generated by theVoltage Source Inverter (VSI), ensuring that
the adjusted voltage remains of high quality [62]. The fundamental types offiltering schemes include harmonic
filtering units, line side filtering, two schemes-inverter side filtering, LCfilters, RCL andRCfilters [63–65].

3.1.4. Injected transformer
The transformer’s principal duties are to enhance the voltage generated by theVSI and to isolate and connect the
DVR to the distribution system.Only by carefully selecting the electrical characteristics of the injection
transformer can optimumefficacy and dependability be achievedWhen the ground fault situation is at itsmost
severe [47]. The importance of subsequent positive chain recovery and voltage compensation cannot be
emphasized. In theDVR, secondarywindings in series with load and supply, step up, delta-star transformer, and
earthed star-star distribution circuit transformer can all be employee [66, 67].

3.1.5. By-pass switch
Generally,Useof by-pass switch as aprotective circuit to ensure analternate route for the loads current in the event of a
failure,maintenance, andoverload.The reason for this, theDVR isnot constantly in injectionmode since voltage
disruptions are transitory andoccuronly temporarily [68]. TheDVRseems tobe in standbymode if thepower supply
is in excellentworking condition, thus thebypass switchbypasses theDVR for safety.Thebypass switchhas apower
outage,which shouldbe recognized.This power loss occurswhile the supply is in regular operation.Because theDVR’s
efficiency ismeasured in injectionmode, thebypass switch’s power lossmaybenegligible [69].

4.DVR topologies

4.1. InterlineDVR
Active power ability of theDVR is administered by the limit of the vitality storage component and the utilized
compensated procedure. Be that as itmay, cost and size requirements of vitality storage frameworks constrain
their ability hence theDVR real power infusion capacity. IDVR comprises of a fewDVRs on various circulation
outline sharing a typical DC connect, it empowers real power trade among at least 2DVR as illustrated infigure 2

Figure 2.Two-line IDVR.
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[69]. It would chop down the expense of tradition power gadget as sharing a typical Direct Current -connect,
lessens theDC-interface storage limit altogether and size also [70]. Since the feeders in InterlineDynamic
Voltage Restorer framework are exuding by various network stations, then these feeders could be of a similar
extent or distinctive voltage size. To conquer these cutoff points, sustainable power sources and additionally
vitality storage components can be associatedwith the normalDC-connection to share necessary active
power [71].

4.1.1. DVRwithout energy storage
Supply-sideDVRswithout energy storage often use a power converter connected in parallel to the supply or the
load to provide the necessary energy, as shown infigure 3 [72]. Energy and load power are bothmaintained
through the supply voltage. Figure 4 shows how the possible system configurationsmay be broken down into
systems 1 and 2 [72]. A supply-side connectedDVRdesign is described in the literature; it employs a half-bridge
inverter for single-phase voltage compensation and a three-phase voltage compensator with fewer switches and
lower costs. Due to advantages including low device stress, decreased THD, and low switching losses [15], the
latter ismore popular than the former two- and three-level inverters.

4.1.2. DVRwith energy storage
When theDVR grid is unstable, the backup generator boosts performance. InmostDVR applications, a
combination of energy sources, including SMES (Superconductingmagnetic energy storage), source battery, fly
wheel, hybrid energy storage systems, super capacitors, Fuel cell, auxiliary power supply, and lead-acid are used
[47, 49–51]. Energy storagemay be expensive, but itmight improve theDVR’s functionality bymitigating
voltage disturbances like voltage imbalance. System3 illustrates the storage topologies using a changeableDC-
LinkVoltage, where the energy is stored in aDCLinkCapacitor (figure 5; [15, 74]. This simple topology can
functionwith awide range of dc-link voltages. Activating aDVR requires a quantity of energy storage
proportional to the square of the rated dc-link voltage, System4, as seen infigure 5 [74], employs this designwith
a constantDC-LinkVoltage.

4.1.3.Without isolation basedDVR (Transformer less DVR)
ThisDynamic Voltage Restorer has been additionally announced for voltage compensation. That technique
disposes of the infusion transformer utilized in the fundamental setup ofDynamic voltage restorer [75]. The
noteworthy components of the imbuement transformer consolidate voltage implantation and electrical
partition. In any case be it can be issues, for example relating to the immersion and in rushed flows relatedwith
the transformer polarizationwonder in any event, when it is sensibly planned [76, 77]. The block diagramof
transformer less DVR is shown in the figure 6 [46]. Points of interest and drawbacks withDVR as beneath.

4.1.3.1. Benefits [78–80]

• Impact of ‘non-linear’ that is immersion and drop of voltage by ‘transformer’ is evacuated, just a little drop of
voltage because of exchanging part is available, which is typically insignificant.

• Bulky transformer can be stayed away from, aminimized arrangement low volume, lowweight is
accomplished.

4.1.3.2. Drawbacks

• Converter topology is increasingly unpredictable, andmore no. of segments is relied upon to utilized.

• Safety of intensity devices is progressivelymuddled, and the essential protection level (BIL)must be
guaranteed allmore effectively.

4.1.4. Topologies of DVRpower converter
From the power converter point of view, theDVR converter can be distributed into twoCategories, single and
three phase converters as shown in the figure 7 [15].

Three-phaseDVRs commonly employ three power converter topologies, namely four-leg inverters, two-
level inverters, and three full-bridge inverters. These are themost prevalent configurations utilized in power
converters for three-phaseDVR applications [81]. For low-voltage (LV) grid applications, DVR topologies
incorporating two-level power converters are often favored due to their switching approach. The use of two-
level power converters is prevalent in these cases, primarily due to their suitability and effectiveness in LV grid
applications [82]. PWM (PulseWidthModulation) is a basic technique that is less expensive thanMLIs.
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Figure 3.DVRwithout energy storage (a) Supply side (b) load side.

Figure 4.DVR system topology.

Figure 5.DVRwith energy storage (a) capacitor, (b)with external energy storage system,Merit and demerit ofDVRwith andwithout
energy storage are given below on table 3 [15, 73].

Table 3.Merit and demerit ofDVRwith andwithout energy storage.

Topologies Merit Demerit

DVRwithout energy storage Suitable in strong grids On the gridmoreComparatively strain

Saving is achievable,mitigation of higher voltage sag, Complex control system

Economical,

No internal storage.

DVRwith energy storage Suitable inweak grids Decays of energy

Voltage of dc- link is constant. Decrease of compensation complexity

Less control complexity Expensive

Less strain Injected voltagemust be controlled.
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4.1.5. Converter topologies of two level
Due to the high voltages on switches, they cannot be utilized inMedium-Voltage (MV) grid applications, which
is why electronic devices are often employed inmediumvoltage grid connections. Switches that linked in series
or parallel are one solution to this problem [82]. UsingMLIs, on the other hand, is a superior alternative.

4.1.5.1.Multilevel converter topology
Reduced harmonics component, improved power quality, dependable operation at higher voltage levels, and
less switching stress across the switches are all features of theMLIs. The three kinds ofMLIs are FlyingCapacitor
[78], CascadedH-Bridge andDiode-Clamped [79]. Themost well-knownMLI topology is the Cascaded
H-Bridge topology.When the voltage levels in theNPCMLI architecture exceed three, balancing the voltage of
the capacitors becomes difficult, that is why the three level NPCMLI is used. Not only is the switch selection
more adjustable in the FCMLI design, but the capacitor voltage balance is alsomore customizable. As a result,

Figure 6.Transformer lessDV.
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unlike theNPCMLI structure, higher voltage level applications are not difficult. The FCMLI, on the other hand,
has the drawback of increasing the number of capacitors as the voltage level rises [80, 83]. TheCHBMLI
topology, which is themost prevalentMLI topology, features amodularity characteristic, which increases its
dependability. The sole downside of theCHBMLI design is that eachH-bridge requires independent DC
sources. Onemethod is to connect eachH-bridge output to a low-frequency transformer [79].

4.1.5.2. Direct AC to AC conversion-based topology
The topology dispenses with the requirement ofDirect current-interface storage component [84]. TheDVR
topology depends on both regular (DC-interface) change and (AC connect) direct transformation. Regular (DC-
interface) topologies sorted into two categories. Firstly, the important direct current voltage given throughout a
transformer from the lattice bymeans of rectifier. Secondly the essential vitality for damages of voltage is in use
from the vitality storage component through an inverter [85]. Adjacent to the customary geographies, few
topologies have introduced forDVRswhichDC-interface without requirement for storage components and dc
interface [86]. Conventional topologies ofDVR areVoltage Source inverter. InConversion of Ac toAc,matrix
converter andVector switching converters are used [87, 88]. The benefits and drawback of AC-to-AC
conversion are given below [19].

4.1.5.3. Benefits

• Cheaper

• Compensation cannot be cultivated for a short time.

• decreased establishment territory.

Figure 7.Power converter topologies.
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4.1.5.4. Drawbacks

• Number of switches are high

Table 4 lists theDVR topologies, as well as their pros and limitations, from the perspective of the three-phase
power converter [15].

4.1.6. Fault Current Limit (FCL) for grid connectedDVR
The bidirectional crowbar thyristor became inactive when the FCLDVR is set to voltage compensationmode. As
shown infigure 8, the FCLDVRoperates in the sameway as a voltage-controlled source converter [89]. Control
of fault current limitation, DVR achieved by the voltage compensation, if any voltage unbalance/fluctuations
occur, resulting in improved power quality and voltage across load [90]. Inputmodule of back-to-back

Figure 8. Fault current limit (FCL).

Table 4.Three phase converter topologies.

Topology Merit Demerit

AC-AC converter Extending voltage disturbancesminimization by

eliminating energy storage

Falls tominimize voltage sag inweak grid

station.

NPCMLI output voltages (Multilevel) Limit to level of three.

Two level inverter (Fourwire Inverter) Simple, Fails to eliminate the unbalanced

Lower cost Voltage disturbances

Split capacitor Mitigation of unbalanced voltage disturbance Hard to balancedCapacitors

ZSI Higher voltage gain Extra passive Components

Lower strain

Four leg inverters LowerDC- linkVoltage Ripples More switching frequency

CHBMLI Modulatory, higher reliability Required several DC sources

Deep sagmitigation

H-Bridge Unbalanced voltage disturbance elimination. Extra semiconductor switches

FC-MLI Increased the output voltages flying capacitors needs for restriction of

charging.

14

Eng. Res. Express 6 (2024) 012302 MS Shah et al



converter used to deliver the voltage across theDC-link.When a short circuit fault occurs, the defective phase of
the inverter turned off, and the crowbar bidirectional thyristor switched on. At this time, on the secondary side
of a series-connected transformer, reactor L inserted to limit the fault current. Using the damaged component
removed, theDVR can return to its regular state by sustaining the voltage supply with series linked transformer
and the back-to-back converter [91].

4.1.7. DVR in distributed grid with ultra capacitor
As illustrated infigure 9 [5] ultra-capacitors are the best-suited technology for active power support and
rechargeable energy storage atmilliseconds to second timeframes. Ultra-capacitor inclusion in theDVR system
is perfect due to themilliseconds to seconds range duration of instant sags/swells. In general, ultra-capacitors
have a lower energy density are better suited for voltage sag/swell correctionwith high power density, as these
processes need a large amount of power in a short amount of time [5].

Ultra-Capacitors, as compared to other energy storage components, have a huge charge/discharge cycle,
even formodules of same size, resulting in simplicity of integration [92]. The following are examples ofDVR
applications with ultra-capacitors [93, 94].

I. The capacity of providing actual power to the system completed for correcting voltage sag/swell in line.

II. A basic demonstration of a dc-to-dc converter, an inverter interfacing with control, and ultra-capacitors is
possible.

III. The development of inverters and DC-DC converters can be used to adjust for voltage swell/ sag in the
distribution grid.

IV. Ultra-capacitorDVR’s systemhardware integration and their performance verification.

4.1.8. Renewable energy sources (RES) integration withDVR
It is unavoidable for the researchers and engineers to integrate RES in the creation of improvements in power
system studies. The integration of renewable energy sources into the power systemposes significant difficulties
to the power system community. This tendency does not exclude the development ofDVR. The feedforward
vector control approach is used by the researchers in [95] to create thefiring angle for voltage disturbance
reduction inVSI.

Actual wind farmdata acquired at Chinnaputhur substation in India during a voltage sag and swell event
proves the usefulness of the recommended strategy [96]. Describe a PV-basedDVR as enhancing power quality
following a systemoutage. PV serves two tasks here: it provides power to the load as well as theDVRDC-link. To
identify any power quality issues and turn the PV systems obligation into aDVR, a switching control based on
wavelet transform is provided. The authors discuss how theDVRutilizedwith amix of feedforward and

Figure 9.Distribution grid with ultra-capacitor.
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feedback control tominimize voltage sag under unbalanced fault scenarios in [97]. The control of theDVRbased
onwind turbine is crucial for increasing fault ride-through performance in doubly fed induction generator.

5. Location ofDVR

DVRaim is to secure just a single consumer or group of significant worth included consumers. It is frequently
conceivable to apply aDVR to amedium voltage circulation framework or low voltage. The principal distinction
amongMV toDVR and LV toDVR link is the arrangement of zero sequences voltages and the zero-order
current stream [98].

As shown infigure 10, in a 4-wire LV power distribution network, DVRmust provide a low impedance for
zero sequence current and the zero sequence canflow either in the power converter or in the injection
transformer delta winding and impedance because ofDVR arrangement on the LV side is high [99].

The 3-wiremedium level distribution framework appeared infigure 10 uses a basicDVR geography inmany
nations and is therefore simple to control because of the absence of zero-sequence segments. The injector
transformer in aDVR requires a significant level of protection, and the short out level is additionally high at the
medium level [100].

Butfigure 11 depicts theDVR location at low voltage electrical distribution radial system [74]. The
implementation ofDVR in a low voltage radial distribution network as shown in the figure 12 [74].

Figure 10.DVR location at three and fourwire system.

Figure 11.DVR location in low distribution network.
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In [101], listed the following benefits of usingDVR in low voltage applications [102]:

i. TheDVRmay be used to target voltage imbalance and voltage fluctuations loads withmore precision.

ii. Because several power users share a single LV system, DVRs could be installed by either the utility or
consumers.

iii. In LV system, distribution transformer reduces short circuit faults significantly, and DVR prevention is
simple.

6.DVRoperationmodes

TheDVR’s primary function is to inject voltages through a booster transformer to the load voltage tomitigate
the power quality faults [47]. Protectionmode, standbymode, and injection/boostmode are the three operating
modes of theDVR.

Figure 12. 3-phase fourwireDVR.

Figure 13.DVRprotectionmode.
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6.1. Protection (safetymode)
In the event of a short circuit on the load or a substantial inrush current exceeding the permissible limit, theDVR
will be disconnected from the system. This disconnection is achieved by opening the bypass switches (S2 and S3)
and closing another channel for the current through the operation of switch S1, as illustrated infigure 13 [15].
will open) and providing another channel for current (S1will closed) as shown infigure 13 [15].

6.2. Standbymode
In thisDVRoperationmode, grid voltages properly regulated andwithin allowable limits. To arrange the battery
performance, the best strategy required. Themain goal of this strategy is to keep the Battery State of Charge
(SOC)within acceptable limits so that the battery is ready for any coming disturbances while also increasing
battery life. Under typical grid circumstances, the phase angle of the reference load-voltage has a significant
impact on the batterymode.When in standbymode, inappropriate selection of this angle could result in
continuous battery drain [15, 18, 103]. DVR Standbymode illustrated infigure 14.

6.3. Injectionmode
In the event of a voltage sag, theDynamicVoltage Restorer (DVR)will switch to injectionmode and utilize a
booster transformer to inject a compensated voltage. This injection of the compensated voltage is triggered in
response to any disturbance or disruption in the supply voltage [18].

Figure 14. Standbymode.

Figure 15.Phasor diagramof pre-sag compensation.
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7.DVR compensationmethods

7.1. Compensation via pre sag
Themain goal of thismethod, as depicted infigure 15, is to restore the load voltages to their original phase angle
andmagnitude [15, 104]. To achieve this objective, the injected voltage needs to be precisely equal to the voltage
vector difference between the sagged and pre-sagged states.Moreover, it is crucial tomaintain the same phase
angle of the reference load voltage regardless of the presence of supply jumps or phase shifts [104]. This approach
proves highly advantageous for loads susceptible to phase-angle jumps, especially those controlled by thyristors,
as it incorporates an optimal compensation technique.However, for specific severe sags, it becomes necessary to
employ a higher-rated voltage injecting transformer and energy storage device tomeet the compensation
requirements [15]. Angular compensation, on the other hand,mandates that the equipment built towithstand
greater voltage levels than In-Phase correction. DVR voltage is given in equation (1) [105]:

V V V 1DVR Prefault sag= - ( )

7.2. In phase compensationmethods
In the case ofmagnitude-sensitive loads, themost suitable compensation technique is the in-phase voltage
compensation approach. This approach ensures that the load voltage is aligned in phasewith the source voltage
during the correction process [105].When a voltage sag occurs and the supply voltage experiences a phase shift,
the load voltage also undergoes a phase jump. Consequently, upon restoration, the load voltage aligns in phase
with the sagging voltage. However, if the supply voltage undergoes changes in phase angle or jumps during the
sag, a phase shift arises between the load voltages before and during the sag. Thus, this compensationmethod is
only appropriate for loads unaffected by phase-angle jumps [106]. The load voltage given below in equation (2):

V V 2L Prefault= ( )

The injected voltage with the supply voltage is always in phase, active power correction requires energy
storage. The phase jumps are not addressed by this strategy. To restore load voltage, in-phase correction uses
both real and reactive power as shown infigure 16 [19].

7.3. Compensation of reactive power
Reactive power compensation typically requires aminimal amount of energy storage,meaning no active power
is necessary. In the depicted scenario, where the injected voltage is in phasewith the load current, theDVR
provides reactive power correctionwithout the need for any real power consumption. The purpose of correcting
the reactive power is to adjust the power factor andmaintain the voltage stability of the system [107].

7.4. Energy optimization compensationmethod
In this scenario, the injected voltage serves to elevate the voltage level, resulting in a perpendicular orientation
between the phasor of the injected voltage and the line current. However, the energy storage device’s capacity can
become a limiting factor during compensationwhen theDVRneeds to supply real power into the affected line in
cases of pre-sag or in-phase conditions. The storage of real power occurs in theDVR’s DC connector, which
happens to be one of its costlier components [52]. Themain goal of the energy optimization technique is
achievedwhen the phasor of the injected voltage is perpendicular to the phasor of the load current. In this
configuration, the injected real power component becomes zero, emphasizing the desired outcome of the
optimization process [105].

Figure 16. In phase compensationmethod.
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It employs only reactive power, which is generated electronically inside the voltage source inverter (VSI), for
compensation, hence a higherVSI rating is required.However, as not all sagsmay be reducedwithout actual
power, thismethod can only be used for a subset of sags. Keeping the voltage constant throughout the energy
storage unit is essential due to theDVR’s need for actual power from the external network, and only the energy-
saving approach based on the zero-power injection strategy has been shown to do so. The followingmust be
consideredwithin the scope of theDVR’s restrictions [101].

7.4.1. Voltage restriction
To keep costs low and decrease the voltage sag across the device in standbymode, DVR’s injection capability has
been reduced.

7.4.2. Power limit
Even though power is kept in theDC-link,most of the power is often transferred from the supply or a largerDC
storage. To ensure a steadyDC-link voltage, an extra converter with restricted rating is frequently utilized.

7.4.3. Energy limit
To savemoney, storage is usually kept as small as feasible. Some sagsmay quickly drain storage, and proper
regulation can help to limit the danger of load tripping due to inadequate energy storage. As indicated in the
figures, there are two forms of energyminimization: EM for balanced Sag and EM for unbalanced Sag.

EMhas two types for compensation, one is EM for Balancing Sag and other one is EM forUnbalance sag to
explain this further process as shown in the figures.

7.4.4. EM for balanced sag
The γ angle is load voltage phase change after the sag as shown in infigure 17 [19, 104, 105]which shows the EM
compensation technique. To avoid trading the active power P injected is zero, asmentioned above.However, the
phasor of the injected voltage is orthogonal to the phasor of the load current. In addition, under voltage sags
render this approach useless. Onemethod is connecting a thyristor-switched inductor in parallel with theDVR
[101, 105]. For convenience, the formulae to calculate the injected voltage data can be expresses as:

V V V V V2 . 2. . .cos 3inj L s sag L s sag
2 2 b g= + - +- -( ) ( ) ( ) ( )

V
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7.4.5. EM for unbalanced sag
As depicted infigure 18, the inserted voltage phasor is not perpendicular to the load current phasor, indicating
that there is a non-zero power transfer between the phases [19, 105]. Consequently, if the active power of one
phase is negative, it follows that the active power of the other two phases will also be negative. Consequently, no

Figure 17.EM for balanced sag.
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net active power is exchanged overall [106]. The injected voltage datamay represent using the formulae below
given in equations (5) and (6).

7.5. Voltage tolerancemethodwithminimumenergy injection
Within the acceptable range of load voltage tolerance, themodified load voltage experiences changes in both
phase angle andmagnitude. The load is designed towithstand slight voltage drops and phase jumps.However,
different loadsmay respond differently to phase angle jumps and voltagemagnitude variations. Control of
magnitude and phase is essential in this approach tominimize the required energy input. The phase advance
technique just considers phase difference; however, this approach takes into account both control parameters as
shown infigure 19 [108].
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7.6.Hybrid voltage compensationmethods
To create a hybrid voltage compensation approach, the benefits of pre-sag and in-phase compensationmethods
combined. This approach avoids huge dc-link capacitors and overmodulationwithout limiting the operation
range. A hybrid compensationmethodology is created by integrating three compensationmethods: reactive
powermanagement,minimumenergy injection, andmaximumvoltage injection [109].

This compensation approach recovers the load voltage by using pre-sag compensation before switching to a
minimal active power injectionmechanism. Themagnitude and phase of the inserted voltage controlled via a
unique compensation approach known as elliptical compensation, allowing theDVR to achieve low voltage ride
through capabilities. A correctionmechanismbased on voltage elliptical parameters developed for efficient DVR
use [110]. DVR cannot correct phase jumps of voltage sagwith imbalanced phase jumps after altering the
compensation technique frompre-sage to in-phase. The approach that should use after the voltage sag cleared,

Figure 19.Voltage tolerancemethod.

Figure 18.EM for unbalanced sag.
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on the other hand, has not been explored, and thismight be a disadvantage of the hybrid compensating
method [111].

To summarize theComparison of compensation techniques Advantages andDisadvantages of different
compensation techniques given in table 5.

8. Control algorithms

8.1. Voltage detectionmethod
The ability to accurately identify and classify disturbances can aid in the implementation of appropriate
countermeasures tomaintain adequate power quality. The detection algorithms are utilized for accurate voltage
fluctuations in the supply voltage prediction.

8.1.1. Fourier transform (FT)
The Fourier transform (FT) is done by decomposing the power system signal orthogonally. Inmost cases, a
collection of trigonometrically orthogonal or exponentially orthogonal functions is used. It is feasible to
determine the amplitude and each phase of frequency of thewaveform supply by applying FT to each supply
phase.Windowed fast FT utilized for practical digital implementation since it can simply be implemented in a
real-time control system [112]. The disadvantage of FT is that it just takes one complete cycle to accurately
determine the sag depth and phase. It is feasible to have real-time control [113].

• Both sag detection and harmonic computation are available using the discrete Fourier Transform (DFT). It is
necessary to have a stationary input signal. An integer should be used for the number of samples each cycle.
Massive computations are required, and detection is delayed [114].

• The FFT approach is quicker than theDFTmethod. Jumps in phase calculated. The length of thewindow
determines the accuracy. It is necessary to have a stationary input signal. An integer should be used for the
number of samples each cycle. Harmonicmeasurement is possible [115].

8.1.2. Phase locked loop technique
The PLL applied to each power supply’s self-managing system and adjusts for rapid jumps in phase hops. This
technique requires pre hang size and stage jump freezes. The PLL voltage has the same phase as thefine voltage.
Some assumptions need to be postponed to half a circle. Execution logic control systems are becoming
increasingly disadvantageous [116].

8.1.3. Strategy of wavelet
WTperforms improvedwith continuous and fixed signs. It perceives change in the condition of the easily
arranged rapidly. Thewavelet assessment procedure plans a waveletmodel breaking point. A drawback of this
method is the requirement to select an appropriatemotherwavelet for each application, as the choice of wavelet
influences the related channel bank coefficients. This aspect can introduce complexity and inconvenience in
terms of execution and practical implementation [117].

Depending on the type of event, thewavelet transform (WT) givesmultiple ‘signatures.’The disadvantages
of this technique are that the signs returnedmight be tough to comprehend and quantify directly. To categorize
and quantify the disruption, onemore approachmay be required [118].

Table 5.Advantages and disadvantages of compensationmethods.

Methods Advantages Disadvantages

Via Pre-Sagmethods Magnitude and phase jumpmitigation Needs active power.

Restore both Phase jump and voltage drop. Need for high Energy storage

Mitigate completely disturbance of voltages

Via In phasemethod LowDC link Needs active power.

Lowharmonic distortion Can’t restore phase jump in variation

low injected voltagemagnitude

EnergyOptimizationmethod Not required Active power during compensation Almost highmagnitude injected.

HighDc link

Minimal Exchange active power b/wDVRand power grid Voltage disturbance not completelymitigate

HybridVoltagemethod At start, restore the phase jump and voltage drop Needs active power during compensation

Avoid transient current at load side in the start Can’t restore the phase jump
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8.1.4. Space vector’ control
This technique provides information aboutmutual voltage size and angle shift. The three phase voltages va, vb,
and vc are converted to two estimation voltages vd, vq, whichmay be turned into size and phase shift in this way.
It’s snappier anyhow, and it necessitates a tough regulator. This is a logically control structure thatmay be
usefully recognized [119].

8.1.5. Rootmean square (RMS) strategy
Voltage and current readings are often expressed as rootmean square (rms) values.WhenVrms initially falls
below 0.9 p. u., the sag officially begins. Determinewhether Vrms stay below 0.9 p. u. for at least half a cycle using
the formula. Thefirst point in this interval is then picked as the recovery time. This procedure is straightforward
and quick.Memory isn’t as important. There is a quarter-cycleminimumdelay. It can’t tell the difference
between fundamental and harmonic frequencies. There are no phase jumps identified.

8.1.6. Kalman filteringmethod
TheKalman Filter approach used to provide the best assessment of amplitude, frequency, and the phases using
voltage or current sample values. Furthermore, theKF can correctlymeasure the period of voltage sag/swell
between the start and finish. In power systems, three KF utilized to automate the detection and analysis of
voltage events [120]. Due to its significant vulnerability to high-frequency noise and other PQdisturbances in
power supply, employing theWT’s high frequency coefficient values for the assessment of real voltage events
might result in a lot of errors, according to theKalman filtering andWTfindings [117, 121].

8.1.7. Numericalmatrixmethod
In comparison to the other approaches, the numericalmatrixmethod provides a number of benefits. The
implementation and recovery times for system anomalies are quite quick. Additionally, it has lowmemory
requirements andworks well with real-time implementations. Applying this technique individually to each stage
is possible. In addition, it can determine the sag’s onset and termination times as well as itsmagnitude and phase
shift. The voltage supply is sampled, and the resulting data is stored in amatrix,making up the foundation of the
method’s core functionality. Sag depth, phase leap, sag onset, and sag terminationmay all be detected quickly
and reliably, and there is a wealth of ready-to-use information on disturbances [122].

8.1.8. Improvedmorphological filtering
The theoretical foundation ofmorphological filters ismathematicalmorphology, while themethod itself
encompassesmany random theories and the integral geometry expertise. Perform the algebraic actions on signal
with various features to accomplish the objective offiltering out the drawbacks such as harmonics and noise by
selecting and creating structural elements. Themorphological filter, in comparison to the typical low-pass filter,
requires less computation and has a shorter latency,making it useful in engineering [123].

8.1.9. Period phasemethod
This technique rearranges the voltage phases to zero, when thewaveformpasses zerowith an increasing edge,
and it counts the voltage phase by accruingmode at every sample point. Using themethod of detectionwhich
based on the specification above, the phases andmagnitudes of voltage can be simply calculated, and the voltage
sag can be precisely determined [124].

8.1.10.Missing voltage technique
The difference between the desired instantaneous voltage and the actual instantaneous voltage is referred to as
themissing voltage. Tomaintain the amplitude and phase of the pre-sag condition, a phase-locked loop (PLL) is
necessary. This approach is particularly well-suited for analyzing voltage sags rather than simply detecting their
occurrence [125]. The reason for this is that themagnitude of the voltage sag remains unknownuntil after the
disturbance event takes place. This approach enables swift detection of voltage sags. On the other hand, the RMS
approach provides additional information regarding the timing of the sag’s initiation and recovery in terms of
the point-on-wave [126].

8.2. Reference generation
8.2.1. Park and clark transformation
Thismethod’s description is as follows: Synchronous rotating frame sag detectionmakes use of Clark’s
transformation and Park’s transformation. As can be seen infigure 20, the Park’s transformation, commonly
known as the dq transform, is only applicable for computing balanced three-phase voltage sags [15]. One such
modifiedmethod for calculating harmonics in imbalanced sag conditions is themultiple d-q transform [127].
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The computation of changes depending on the voltage compensation technique. The PLL locked to the
voltage supply in the in-phase technique, allowing the system to adapt to the voltage supply. On the other hand,
PLL is kept at the pre-sag value in order to changewith the pre-sag supply voltage. The PLL and the equations of
the EMcompensation technique used tomeasure it [15, 128].

There are also extra reference generation approaches like Phase parametermethod and Symmetric
Component Estimation, which are discussed below.

8.2.2. Symmetrical component estimation
When the transient overvoltage occurs, the ultrahigh-voltage grid’s three-phase voltage is asymmetrical. The
decomposition of the asymmetrical three-phase voltage can be achieved by utilizing the superposition of
symmetrical positive, negative, and zero-sequence components. This recommended approach is rooted in the
concept of superposition, enabling the analysis and separation of different sequence components in the
voltage [129].

The three-phase grid voltages during the formation of transient overvoltage are represented by va, vb, and vc.
The amplitude value and phase position of the symmetrical zero-sequence component are denoted asV0 and 0,
respectively. Similarly, the amplitude value and phase position of the symmetrical positive-sequence component
are represented asV+ and+, respectively [129].

8.2.3. Phase parameter estimationmethod
A recursive adjustable windowLES approach is presented as a better phasor estimation strategy for theDVR
control system, allowing for fast, consistent phasor parameter estimation of currents and voltages with little
computational overhead. According to the study’s results, using thismethod improves the frequency
responsiveness of the control scheme based on the specified datawindowLES digital filter while simultaneously
reducing the computational burden on the hardware [130].

8.3. Switching strategy
8.3.1. Pulse widthmodulation (PWM)
PWMfinds extensive application in various domains such asmotor speed control, converters, and audio
amplifiers. It is a voltage adjustment technique employed to regulate the voltage supplied to amotor.However, it
is important to note that there is no universal PWMapproach that can be universally applied to all applications
due to their specific requirements and constraints [131]. Advancements in solid-state power electronics and
microprocessors have led to the development of various pulse-widthmodulation (PWM) techniques for awide
range of industrial applications. Themain objective of PWM is to control the output of the inverter while
simultaneously reducing the harmonic content in the output voltage [132].

8.3.2. Sinusoidal pulse widthmodulation (SPWM)
When a pulsewaveformwith a variable width, obtained through the application of sinusoidal pulse width
modulation (SPWM) technique, is passed through filtering, it results in the generation of a sinusoidal waveform
[133]. Improve thefiltered sinusoidal waveformby increasing the switching frequency and adjusting the
reference ormodulating voltage’s amplitude and frequency. Bymaintaining varyingwidths for the pulses, unlike
the uniformwidths inmulti pulse widthmodulation (MPWM), the utilization of sinusoidal pulse width
modulation (SPWM)method effectively reduces both distortion factor (DF) and lower order harmonics
(LOH) [62].

Figure 20.Park and clark transformation.
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8.3.3. Third harmonic injection pulse widthmodulation (THIPWM)
Three phase systems do not have a third harmonic component, third harmonic injection PWMrecommended
in three phase systems. The THIPWM is superior when using aDC source. For three phase inverters, several
modulations are employed, including space vector pulsewidthmodulation (SVPWM) extending the linear
modulation range by 15%more than SPWM.By infusing the tripled harmonics, themodulation range of
THIPWMexpanded [133].

8.3.4. Space vector pulse widthmodulation (SVPWM)
The space vector pulsewidthmodulation (SVPWM) approach is anotherway to enhance the output voltage over
that of the SPWMtechnique [119]. For variable-speed drives, this approach utilized.When compared to SPWM,
this approach can boost the fundamental by 27.3 percent. The rotating synchronous reference frame used by
SVPWM [134].

8.3.5. Fundamental frequency
Low switching losses, switching stress, and EMI are all advantages of fundamental frequency control
modulation. TheDVRuses one cycle control, which is superior to SPWM in terms of stable and dynamic state
functioning.When employed in a practical DVR application, the ease of installationwith simple procedures is
the highlight of one cycle control [63].

8.3.6. Selected harmonic elimination (SHE-PWM)
One of themain ideas behind SHE-PWMis using the Fourier series of the PWMwaveform to represent the
signal. For ease of computing the Fourier coefficients, it is conventional to assume that thewaveform isQW
symmetric [112, 113].When compared to other PWMtechniques, SHE-PWMstands out due to its high quality
output voltage, low switching frequency ratio over fundamental frequency, reduced filtering needs,minimal
switching losses, and elimination of low-order harmonics, among other benefits [135].

9. Control scheme ofDVR

The primary control function is to keep the voltagemagnitude constant. The inverter is a critical component of
theDVR, and its control technique has a direct impact on theDVR’s performance. The inverter control
technique includes two forms of control which are linear and non-linear control.

9.1. Linear control
This control approach is said to be a popularDVR strategy. Feed forward control, ramp control, composite
control, feedback control, state feedback controller, synchronous PI regulator predictive control, feedback
linearization, and dead-beat controller are some of the linear controls utilized inDVR.

9.1.1. Feed-forward control
These controllers are amajor choice for theDynamicVoltage Restorer, considering its straightforwardness and
speed. This controlmethod does not detect the load voltage rather itfigures the injection voltage based on the
distinction among the pre and during sags voltages. The disadvantage is the high reliable state error [19, 80].

9.1.2. Feedback control
State space-based feedback control techniques can be employed to configure closed-loop poles, resulting in
faster time response [15]. Compared to the feedforwardmethod, this approach excels in terms of accuracy in
power qualitymitigation.However, it is amore advanced technique that introduces a delay in providing the
appropriate control response [134].

9.1.3. Composite control
TheComposite Control Strategy combines feed-forward and feedback controllers to enhance system
performance, stability, dynamic response rate, and flexibility. By utilizing this approach, the feed-forward
control provides the source voltage, the feedback controlmanages the load side voltage, and the combined
power of both controllers is utilized. Implementing a double-loop feedback control within the composite
control further improves performance, stability, dynamic response rate, and reduces compensation time [136].

9.1.4. Ramp control
To operate theDVR’s inverter switches, the ramp controller compares a triangular carrier to the voltage error
signal. The ramp controller’s goal is tomake sure that the switching frequencymatches that of the carrier.When
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compared to the hysteresis voltage control approach, ramp-based control achieves a constant switching
frequency, and this constant switching frequency has been lowered by integrating a ramp controller with a
hysteresis band [137].

9.1.5. Predictive control
Predictive controlmethods, including deadbeat control andmodel predictive control, find diverse applications
in three-phase inverters with LCfilters. Among thesemethods, deadbeat control is extensively employed for
voltage regulation due to its rapid dynamic response and straightforward approach [138].

Deadbeat control is a potential regulating strategy because it assures that state variablemistakes are reduced
in a small number of time steps and that discrete time systems respond quickly. As a result,many strategies have
been devised utilizing the deadbeat controlmethod, i.e., amethodwith a computational delay for quick system
response, but it lacks the potential to handle dynamic response of other variables. A strategy formulti-loop
response employing conventional state feedback linearization has developed for voltage and current
management of the system [139].

With the synchronous dq frame, a deadbeat controlmechanism for a three-phase inverter is presented, and
the SVPWMmethodology is applied on it. A disturbance observer used to construct a deadbeat control system.
With a one-step forward predictor, for sensitivity reduction and voltage control [140].

9.1.6. PI control
Under systemdisruptions, the control technique’s importance is to restrict constant voltagemagnitude to the
point where a sensitive load is attached.No reactive powermeasurements are required since the control system
just examines the rootmean square (RMS) voltages at the load terminals. TheVSC switchingmethod is based on
a sinusoidal PWMmechanism, which implies that it is simple and responsive. PWMapproaches give amore
versatile alternative to Fundamental Frequency Switching (FFS) systems since bespoke power is a relatively low-
power need. In PI control, high switching frequency is very beneficial for the efficiency of converters without
causing significant losses of switching [141].

9.2. Non-linear control
Non-linear controller ismore suitable than the linear controller. Artificial NeuralNetworkControl (ANN),
Fuzzy Controller, hysteresis control, slidingmode control, H infinity, repeated control, PRControl, and hard
switching control are only a few of the non-linear controllers presented in the literature.

9.2.1. Artificial neural network control (ANN)
TheANNhas adaptable and conscience capabilities, which improves precision through interpolation. To
increase power quality and eliminate harmonic distortions in sensitive loads, the ANNcontroller is employed in
the design andmodelling ofDVR [142]. In the event of a disruption, DVR is used to enhance the real power of
the inverter. TheDVRmay be utilized as a voltage sag restorer and voltage distortion compensator withANN to
reduce harmonics and voltage sag/swell caused by zero sequence components when attached between the power
source and the booster transformer [143].

9.2.2. Fuzzy logic control
A set of linguistic principles governs fundamental control action in FLC. The systemdetermines these rules. FLC
does not require quantitativemodelling of the system since numerical variables translated into verbal variables
[144]. This controller is implemented intoDVR and is developed from fuzzy set theory. This controller’s benefit
is its ability to eliminate PWMerror and transient overshoot.

9.2.3. Slidingmode control
Among nonlinear controlmethods, the slidingmode controller gave the better and robust performance as
compared to the other linear and non -linear controller in the shape of robustness, insensitivity, system
parameter, simplicity,mathematicalmodeling and for system stability [145].

In power electronics circuits, regardless of its robustness, ideally SMCactivates at an infinite frequency due
to signum function utilized in sliding ‘manifold’ as well as delay and inadequacy activated in the switching
devices [146]. But in this controller chattering effect produced by the switching and this effect, causes the heating
loss, temperature loss and law control accuracy. For avoiding theChattering effect,many algorithms can be used
such as Super twisting [147], Real Twisting [148], Neural Network [142], Sub-Optimal [149], Smooth Super
twisting [150] and Integral [151].
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9.2.4. Proportional resonant control (PR)
The proportional-resonant (PR) control technique operates without the need for dq component identification
in voltage and current control loops. Instead, it directly utilizes AC signals. However, prior to implementation,
the PR approach requires calibration to compensate for the fundamental component and specific harmonics
[152]. In this circumstance, the controller’s ability to safeguard the load from additional disruptions is limited.
Covering additional frequencies complicates the controlmechanism. PR controllers used to reduce individual
harmonics and decrease the steady-state error associatedwith the system [153]. Figure 21 depicts the PR
controller’s block diagram.

9.2.5. Hysteresis control
Hysteresis control is used to regulate the switching instants of VSI switches. It is a pulse widthmodulation
approach. The hysteresis controller’s input is confinewithin a predefined hysteresis band (h), which is
accomplished by alternating theVSI states (+Vdc/−Vdc). The reference load voltages (vLaref, vLbref, vLcref)
and PCCvoltages (vsa, vsb, vsc) aswritten in equation (7) are used to provide reference signals for the hysteresis
controller [154].

V

V

V

V

V

V

V
V
V

7

inje a
refe

inje b
refe

inje c
refe

La
refe

Lb
refe

Lb
refe

sa

sb

sc

= -

( )

( )

( )

( )
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

9.2.6. Repetitive control
Repetitive control is derived from the internalmodel concept, which eliminates periodic inaccuracy in dynamic
systems. Figure 6 depicts the repeating controller’s block diagram. The notion of iterative learning control
underpins repetitive feedback controllers (RC) (ILC). Repetitive controllers are appropriate for utility converters
with periodic reference signals and/or disturbances [155]. The utilization of a repetitive controller (RC) in a
grid-connected single-phaseH-bridge inverter enables precise tracking of the desired current referencewhile
effectively compensating for variations in grid voltage and load current, resulting in excellent correction of load
reactive power and current harmonics. Amixture and a stationary-frame repeated control technique are
developed to address the harmonic problem that occurs in utility grids [156].

9.2.7. H-Infinity control
A current controller has been introduced, comprising an internalmodel and a stabilizing compensator, which is
designed based onH-infinity control principles. Evenwhen the grid disrupted, theH-infinity repeating current
controller injects balanced current into the grid. In comparison to the traditional PI, PR, andDB controllers, the
performance of theH - repetitive controller appears to be extremely good [157]. Even though the loads are
nonlinear/unbalanced, the output current THD level is under the specified limit, and this holds true during
grid-voltage disturbances as well [158].

Figure 21.PR controller.
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10.Discussion

Review on the state of the art of DynamicVoltage Restorers (DVRs) has delved into various dimensions,
including topologies, operationalmodes, compensationmethods, and control algorithms. In this paper, the aim
is to synthesize the insights gained from the reviewed literature and highlight keyfindings, emerging trends, and
potential avenues for future research.

The surveyed literature showcases a diverse range ofDVR topologies, each tailored to address specific power
quality challenges. From series and shunt configurations to hybrid approaches, researchers have explored
innovative designs to enhance the effectiveness ofDVRs. The discussion around these topologies has unveiled a
nuanced understanding of their advantages, limitations, and applications in different scenarios.

Understanding the operationalmodes ofDVRs is crucial for their successful deployment in power systems.
The literature reveals a consensus on the primarymodes—voltage sag and swell compensation.However,
emerging discussions explore the integration ofDVRs for harmonicsmitigation, unbalance correction, and even
power factor improvement. Exploring these extended operationalmodes opens up newpossibilities for the
versatile application ofDVRs in diverse power quality scenarios.

The compensatorymechanisms employed byDVRs have undergone rigorous investigation in the literature.
Fromvoltage injection to energy storage systems, researchers have explored various compensationmethods.
The discussion has centered around the efficacy of thesemethods inmitigating power quality issues and the
trade-offs involved in their implementation, providing valuable insights for practitioners and policymakers.

Advancements in control algorithms play a pivotal role in enhancing the performance ofDVRs. The
literature review has highlighted the shift from conventional to advanced control strategies, such asmodel
predictive control, fuzzy logic, and artificial intelligence-based techniques. The discussion around these control
algorithms emphasizes the need for real-time adaptability, accuracy, and robustness to effectively address
dynamic power quality disturbances.

While the review has provided a comprehensive overview of the existing literature, a critical analysis of
commonalities and differences among the studies is essential. Future research directions should focus on
synthesizing findings, identifying gaps in knowledge, and proposing avenues for further exploration. The
integration of comparative analyses andmeta-analyses could contribute to amore cohesive understanding of
DVRs’ capabilities and limitations.

11. Conclusion

Dynamic voltage restorers (DVRs) are devices that are used to improve the power quality of an electrical
distribution systemby correcting voltage sags or dips that occur on the power line. DVRs are commonly
connected in parallel with the load and have the capability to inject a voltage with the appropriatemagnitude and
phase angle tomitigate voltage sags. This ensures a consistent voltage supply to the load, which is crucial for
ensuring the reliable operation of sensitive electronic equipment. DVRs find applications across various sectors,
including industrial plants, commercial buildings, and electrical utilities. They can help to reduce the impact of
voltage sags on sensitive electronic equipment, which can reduce downtime and improve the reliability of the
electrical distribution system. There are several different types ofDVRs, including series- and shunt-connected
DVRs. Series-connectedDVRs are connected in series with the load, while shunt-connectedDVRs are
connected in parallel with the load. Both types ofDVRs are able to inject a compensating voltage to correct for
voltage sags, but they differ in how they are connected to the load and in their operating principles. In summary,
dynamic voltage restorers are useful devices that are used to improve the power quality of electrical distribution
systems and to protect sensitive electronic equipment from voltagefluctuations. They arewidely used in a variety
of applications, and their effectiveness in improving power quality has been demonstrated through numerous
studies and real-world deployments.

Our review on the state of the art ofDynamicVoltage Restorers (DVRs) aspires to provide a comprehensive
understanding of various aspects; however, certain limitations inherent in the scope andmethodology of this
reviewwarrant acknowledgment. Firstly, the scope of the literature examined is confined to the existing body of
knowledge up to the knowledge cutoff date, whichmay restrict the inclusion of recent developments or studies.
Additionally, regional variations in research focus and application scenariosmay not be fully represented,
potentially impacting the generalizability of ourfindings. In focusing predominantly on engineering and
technical aspects, our reviewmay fall short in incorporating interdisciplinary perspectives, such as economic or
social considerations. This limitationmay impede a holistic understanding of the real-world implications of
DVR implementation.

28

Eng. Res. Express 6 (2024) 012302 MS Shah et al



Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

ORCID iDs

MuhammadWaseem https://orcid.org/0000-0002-0923-1476

References

[1] BaliyanA, JamilM andRizwanM2022 Power quality improvement using harmonic passivefilter in distribution systemAdvances in
Energy Technology (Springer Singapore) vol 2022

[2] TanB, Zhao J, NettoM,KrishnanV, Terzija V andZhang Y 2022Power system inertia estimation: review ofmethods and the impacts
of converter-interfaced generations Int. J. Electr. Power Energy Syst. 134 107362

[3] Wong LA, Ramachandaramurthy VK, Taylor P, Ekanayake J B,Walker S L and Padmanaban S 2019Review on the optimal
placement, sizing and control of an energy storage system in the distribution network Journal of Energy Storage 21 489–504

[4] Biricik S, Komurcugil H, TuyenNDandBasuM2019 Protection of sensitive loads using slidingmode controlled three-phaseDVR
with adaptive notchfilter IEEE Trans. Ind. Electron 66 5465–75

[5] ShahMS,MehmoodT andUllahMF 2022Power quality improvement using ultra capacitor based dynamic voltage restorer with real
twisting slidingmode control Electrical Engineering&Electromechanics 1 59–63

[6] AlsammakANandMohammedHA2021 Power quality improvement using fuzzy logic controller based unified powerflow
controller (UPFC) Indonesian Journal of Electrical Engineering andComputer Science 21 1–9

[7] RautGB and JawadekarUA 2021Power system stability improvement using static synchronous series compensator (SSSC)
Advancement of Signal Processing and its Applications 4 1

[8] Dhurvey SN andChandrakar VK 2016 Improvement of power systemperformance using fuzzy logic based interline powerflow
controller [IPFC Journal of Power and Energy Engineering. 4 67

[9] MakarovAV,MakarovaTV andMetelev I S 2021 Simulation of The Static Synchronous Compensator for The SystemVoltage Unbalance
andHigh Current Harmonics Compensation from Single PhaseNon-Linear Load (IOPPublishing)

[10] DaneshvarDehnavi S, Negri C, Bayne S andGiesselmannM2022Dynamic voltage restorer (DVR)with a novel robust control strategy
ISATrans. 121 316–26

[11] Puhan P S, Ray PK and Pottapinjara S 2021 Performance analysis of shunt active filter for harmonic compensation under various
non-linear loads Int. J. Emerg. Electr. Power Syst. 22 21–9

[12] Gade S, Agrawal R andMunje R 2021Recent trends in power quality improvement: review of the unified power quality conditioner
ECTI Transactions on Electrical Engineering, Electronics, andCommunications 19 268–88

[13] Pandu S B et al 2021 Power quality enhancement in sensitive local distribution grid using interval type-II fuzzy logic controlled
DSTATCOM IEEEAccess. 9 59888–99

[14] Anantha LakshmiV and Jyothsna TR2021 Power quality improvement of a grid-connected systemusing fuzzy-based custompower
devicesCommunication Software andNetworks (Springer)pp 345–58

[15] Moghassemi A and Padmanaban S 2020Dynamic voltage restorer (DVR): a comprehensive review of topologies, power converters,
controlmethods, andmodified configurationsEnergies. 13 4152

[16] BabuV, AhmedK S, Shuaib YMandManiM2021Anovel intrinsic space vector transformation based solar fed dynamic voltage
restorer for power quality improvement in distribution system Journal of Ambient Intelligence andHumanized Computing 20 1–16

[17] TienDV,GonoR and Leonowicz Z 2018Amultifunctional dynamic voltage restorer for power quality improvement Energies.
11 1351

[18] NairDR,NairMGandThakur T 2022A smartmicrogrid systemwith artificial intelligence for power-sharing and power quality
improvement Energies. 15 5409

[19] Pal R andGupta S 2015 State of the art: dynamic voltage restorer for power quality improvement Electrical &Computer Engineering:
An International Journal (ECIJ) 4 79–98

[20] LamC-S,WongM-C andHanY-D2008Voltage swell and overvoltage compensationwith unidirectional powerflow controlled
dynamic voltage restorer IEEE Trans. PowerDelivery 23 2513–21

[21] Nagata EA, FerreiraDD,DuqueCA andCequeira A S 2018Voltage sag and swell detection and segmentation based on independent
component analysisElectr. Power Syst. Res. 155 274–80

[22] AboelazmYM,WahbaWE andMoustafaHassanMA2018 Simulation of advanced STATCOM for voltage swellmitigation in large-
scale test system based on swarm intelligence algorithmsEuropean Journal of Electrical Engineering 20 253–66

[23] TesařováMandKašpírekM2019Evaluation of Short Interruptions of Supply Voltage InDistribution System
[24] MehtaND, Patel A P andHaqueAM2016A review on power quality improvement via custompower devices International Journal of

Advanced Engineering,Management and Science 2 239649
[25] JohnsonDOandHassanKA2016 Issues of power quality in electrical systems International Journal of Energy and Power Engineering 5

148–54
[26] ČerňanM,Müller Z, Tlustý J andValouchV 2021An improved SVC control for electric arc furnace voltage flickermitigation Int. J.

Electr. Power Energy Syst. 129 106831
[27] Soni J S, JangalwaNK,Gupta R and PalwaliaDK 2016Various PowerQuality Challenges And Solution Techniques Using FACTS

Technology for Power System (AIPPublishing LLC)
[28] JakusD,Goic R andKrstulovic J 2011The impact of wind power plants on slow voltage variations in distribution networksElectr.

Power Syst. Res. 81 589–98
[29] Puliyadi KubendranAK and LoganathanAK2017Detection and classification of complex power quality disturbances using

S-transform amplitudematrix–based decision tree for different noise levels International Transactions on Electrical Energy Systems 27
e2286

[30] Transmission, DistributionC 30-11-1994 IEEE guide for service to equipment sensitive tomomentary voltage disturbances IEEE Std.
9 1250–995

29

Eng. Res. Express 6 (2024) 012302 MS Shah et al

https://orcid.org/0000-0002-0923-1476
https://orcid.org/0000-0002-0923-1476
https://orcid.org/0000-0002-0923-1476
https://orcid.org/0000-0002-0923-1476
https://doi.org/10.1016/j.ijepes.2021.107362
https://doi.org/10.1016/j.est.2018.12.015
https://doi.org/10.1016/j.est.2018.12.015
https://doi.org/10.1016/j.est.2018.12.015
https://doi.org/10.11591/ijeecs.v21.i1.pp1-9
https://doi.org/10.11591/ijeecs.v21.i1.pp1-9
https://doi.org/10.11591/ijeecs.v21.i1.pp1-9
https://doi.org/10.4236/jpee.2016.44007
https://doi.org/10.1016/j.isatra.2021.04.010
https://doi.org/10.1016/j.isatra.2021.04.010
https://doi.org/10.1016/j.isatra.2021.04.010
https://doi.org/10.1515/ijeeps-2020-0197
https://doi.org/10.1515/ijeeps-2020-0197
https://doi.org/10.1515/ijeeps-2020-0197
https://doi.org/10.37936/ecti-eec.2021193.244936
https://doi.org/10.37936/ecti-eec.2021193.244936
https://doi.org/10.37936/ecti-eec.2021193.244936
https://doi.org/10.3390/en13164152
https://doi.org/10.3390/en11061351
https://doi.org/10.3390/en15155409
https://doi.org/10.14810/ecij.2015.4208
https://doi.org/10.14810/ecij.2015.4208
https://doi.org/10.14810/ecij.2015.4208
https://doi.org/10.1016/j.epsr.2017.10.029
https://doi.org/10.1016/j.epsr.2017.10.029
https://doi.org/10.1016/j.epsr.2017.10.029
https://doi.org/10.1016/j.ijepes.2021.106831
https://doi.org/10.1016/j.epsr.2010.10.018
https://doi.org/10.1016/j.epsr.2010.10.018
https://doi.org/10.1016/j.epsr.2010.10.018
https://doi.org/10.1002/etep.2286
https://doi.org/10.1002/etep.2286


[31] Wang L,QinZ, SlangenT, Bauer P and vanWijk T 2021Grid impact of electric vehicle fast charging stations: trends, standards, issues
andmitigationmeasures-an overview IEEEOpen Journal of Power Electronics 2 56–74

[32] Korpikiewicz J andMohamed-SeghirM2022 Static analysis and optimization of voltage and reactive power regulation systems in the
HV/MVsubstationwith electronic transformer tap-changers Energies. 15 4773

[33] Jebaraj B S et al 2021 Power quality enhancement in electric arc furnace usingmatrix converter and static var compensatorElectronics
10 1125

[34] Tagayi RK andKim J 2022 Binary-phase service battery energy storage system strategy for peak demand shaving and enhanced power
quality Sustainable Energy Technologies and Assessments 52 102328

[35] Jin J X et al 2022A superconductingmagnetic energy storage based current-type interline dynamic voltage restorer for transient power
quality enhancement of composited data center and renewable energy source power system Journal of Energy Storage 52 105003

[36] KumarKN,Chowdary KM,Haribalan S,HarishMand Jagathesan R 2021 Enhancement of power quality in transmission network
using TCSCRevistaGeintec-Gestao Inovacao ETecnologias 11 3363–77

[37] ArsadAZ et al 2022Rule-based fuzzy controller for solid state transfer switch towards fast sensitive loads transfer IEEE Trans. Ind.
Appl. 58 1888–98

[38] Kampitsis G, Batzelis E,Mitcheson PD andPal BC 2022A clamping circuit based voltagemeasurement system for high frequency
flying capacitormultilevel inverters IEEETrans. Power Electron

[39] Bendakir A, Bayadi A andDibD 2021Towards the prospection of an optimal thermal response of ZnO surge arrester inHVpower
system International Journal of Electrical andComputer Engineering 11 1865

[40] Chakraborty S,Mukhopadhyay S andBiswas SK 2022AHybrid Compensator forMitigation of PowerQuality Issues inDistribution
Systems (IEEE)

[41] Bitencourt A, DiasDHN, França BW, Sass F and SoteloGG2021Design and tests of solid-state fault current limiters prototypes
International Transactions on Electrical Energy Systems 31 e12738

[42] AgarwalNK, Saxena A, PrakashA, SinghA, Srivastava A andBaluni A 2021Review onUnified PowerQuality Conditioner (UPQC) to
Mitigate PowerQuality Problems vol 2021 (IEEE)

[43] KumarM,UqailiMA,MemonZA andDas B 2021Mathematicalmodeling of thdmitigation using hapf for ups systemwith
experimental analysis via hybrid interface of optical usb and power qualitymeterMathematical Problems in Engineering 2021 1–15

[44] LiD,WangT, PanW,Ding X andGong J 2021A comprehensive review of improving power quality using active power filters Electr.
Power Syst. Res. 199 107389

[45] Chen J-H, TanK-Hand Lee Y-D 2022 Intelligent controlledDSTATCOMfor power quality enhancement Energies. 15 4017
[46] BabuBP and Indragandhi V 2019A review on dynamic voltage restorer in power systems concerned to the issues of power quality IOP

Conf. Ser.:Mater. Sci. Eng. vol 2019 (IOPPublishing)
[47] KhanMA, SalehAM,WaseemMand Sajjad I A 2022Artificial Intelligence EnabledDemandResponse: Prospects andChallenges in

Smart Grid Environment (IEEEAccess)
[48] HashemM,Abdel-SalamM,NayelM and El-MohandesMT2022Mitigation of voltage sag in a distribution systemduring start-up of

water-pumpingmotors using superconductingmagnetic energy storage: a case study Journal of Energy Storage 55 105441
[49] Li X and PalazzoloA 2022A review offlywheel energy storage systems: state of the art and opportunities Journal of Energy Storage 46

103576
[50] Mishra SK, Bhuyan SK andRathod PV2022 Performance analysis of a hybrid renewable generation system connected to grid in the

presence of DVRAin Shams Engineering Journal 13 101700
[51] YangRH, Jin J X, ZhouQandXiaoM2022Non-droop-control-based cascaded superconductingmagnetic energy storage/battery

hybrid energy storage system Journal of Energy Storage 54 105309
[52] KumarA,MishraVMandRanjan R 2022A stored energy-based control strategy to improve LVRT capability ofHRES using PSO&

WCAoptimizedDVR Journal of Engineering Research
[53] PraveenV,NaikNS andRajyalakshmi P 2018 Super conductingmagnetic energy storageDVRbased on diode clampedmodular

multilevel converters International Journal of Application or Innovation in Engineering&Management 7 7–15
[54] Obulamma I, KumarGVNandRafiV2022 Implementation of Fuzzy Logic Controller for Battery-SMES basedDVR to Improve

Voltage Profile inGrid Connected PV-WINDSystem In 2022 International Conference on Sustainable Computing andData
Communication Systems (ICSCDS) (IEEE) pp 854–60

[55] Haroon F, AamirMandWaqarA 2022 Second-Order Rotating SlidingModeControl with Composite Reaching Law for two Level Single
Phase Voltage Source Inverters (IEEEAccess)

[56] CristeaM andBabarada F 2022Optimization techniques for p-GTO thyristor design IOPConf. Ser.:Mater. Sci. Eng. 1216 012013
[57] DoNH,Ho SM, LeQT,HoangT, TranTMandVuP 2022Controllingmatrix converter inflywheel energy storage systemusing

AFPMbyprocessor-in-the-loopmethodBulletin of Electrical Engineering and Informatics 11 1845–54
[58] Shang J et al 2022Anovel detachable gate driver unit with ultralow inductance for integrated gate commutated thyristor IEEE Trans.

Power Electron. 37 14000–4
[59] WuY-E 2022Novel high-step-Up/step-down three-port bidirectional DC/DCconverter for photovoltaic systems Energies. 15 5257
[60] Selokar A andGhutke P 2022Analysis of THDwith andwithout a dc-dc converter by the use of an ultra capacitor in simulation of a

DVR Journal homepage:www ijrpr com ISSN 2582 7421
[61] AdityaM,RaoK S, Balaji B and Sravani KG 2022Comparison of drain current characteristics of advancedMOSFET structures-a

review Silicon. 14 1–8
[62] KumarC, Ghosh P andChatterjee S 2022 Enhancement of power quality bymitigating of sag and swell problem in power systemusing

DVR IFAC-PapersOnLine. 55 131–7
[63] ShaikhMF, ShaikhAM, Shaikh SA,KhandZH,KumarD andNadeemR2022Analysis andmitigation of harmonics usingC-type

high pass filter and improvement of voltage sagwith dvr including distributedGeneration 2022Global Conf. onWireless andOptical
Technologies (GCWOT) 14–7 Feb. 2022

[64] KorlevskaM, AtanasovskiM, KostovMandTrpezanovski L 2022 Impact of PVTypeDispersed Generation onHarmonic Distortion on
DistributionNetworks 2022 57th Int. Scientific Conf. on Information, Communication and Energy Systems andTechnologies (ICEST)
16–8 June 2022

[65] PatelHD,Gandhi P andDarji P 2022 PV-Array-IntegratedUPQC for PowerQuality Enhancement and PVPower InjectionRecent
Advances in Power Electronics andDrives (SpringerNature Singapore) vol 2022

[66] HashimNH,HalimNH,Arshad SNM,HussainMH,Rahim SRA and SuleimanAA2022 Performance of restricted fault and bias
differential protection against earth fault on a transformer J. Phys. Conf. Ser. 2312 012005

30

Eng. Res. Express 6 (2024) 012302 MS Shah et al

https://doi.org/10.3390/en15134773
https://doi.org/10.3390/electronics10091125
https://doi.org/10.1016/j.seta.2022.102328
https://doi.org/10.1016/j.est.2022.105003
https://doi.org/10.11591/ijece.v11i3.pp1865-1875
https://doi.org/10.1016/j.epsr.2021.107389
https://doi.org/10.3390/en15114017
https://doi.org/10.1016/j.est.2022.105441
https://doi.org/10.1016/j.est.2021.103576
https://doi.org/10.1016/j.est.2021.103576
https://doi.org/10.1016/j.asej.2022.101700
https://doi.org/10.1016/j.est.2022.105309
https://doi.org/10.1088/1757-899X/1216/1/012013
https://doi.org/10.11591/eei.v11i4.3813
https://doi.org/10.11591/eei.v11i4.3813
https://doi.org/10.11591/eei.v11i4.3813
https://doi.org/10.3390/en15145257
http://www ijrpr com
https://doi.org/10.1016/j.ifacol.2022.04.022
https://doi.org/10.1016/j.ifacol.2022.04.022
https://doi.org/10.1016/j.ifacol.2022.04.022
https://doi.org/10.1088/1742-6596/2312/1/012005


[67] SoomroAH, Larik A S,MaharMA, Sahito AA, SoomroAMandKaloi G S 2021Dynamic voltage restorer—a comprehensive review
Energy Reports 7 6786–805

[68] ZhangH,XiaoG, LuZ andChai Y (ed) 2021A fast and reliable commuting strategy for the bypass thyristors in dynamic voltage
restorers (DVRs) 2021 23rd EuropeanConf. on Power Electronics andApplications (EPE’21 ECCEEurope) 6–10 Sept. 2021

[69] Eltamaly AM, SayedY and El-SayedA-HM2018 Elghaffar ANA.Mitigation voltage sag usingDVRwith power distribution networks
for enhancing the power systemquality IJEEAS Journal 1 2

[70] SureshMP, RamyaMG,VijayalakshmiMK, BabuK S andNithyaMS 2018 Performance of DVR and IDVRFor voltage sag
compensation in power distribution network International Journal of Pure and AppliedMathematics 119 4225–39

[71] Yáñez-Campos SC, Cerda-VillafañaG and Lozano-García JM2021ATwo-grid interline dynamic voltage restorer based on two
three-phase inputmatrix convertersApplied Sciences 11 1–25

[72] Merchan-Villalba L R, Lozano-Garcia JM,Avina-Cervantes J G, Estrada-GarciaH J, Pizano-Martinez A andCarreno-Meneses CA
2020 Linearly decoupled control of a dynamic voltage restorer without energy storageMathematics 8 1–18

[73] Nielsen JG andBlaabjerg F 2005A detailed comparison of system topologies for dynamic voltage restorers IEEE Trans. Ind. Appl. 41
1272–80

[74] TaiwoOP, TiakoR andDavidson I 2017Application of dynamic voltage restorer for power quality improvement in low voltage
electrical power distribution network: an overview Int. J. Eng. Res. Afr. 28 142–56

[75] Komurcugil H, Bayhan S, GulerN, Abu-RubHandBagheri F 2022A simplified sliding-mode controlmethod formulti-level
transformerless DVR IET Power Electronics 15 764–74

[76] GulerN, Bagheri F, Bayhan S andKomurcugil H 2022 Single-inductor buck–boost inverter based transformerless dynamic voltage
restorer 2022 3rd Int. Conf. on Smart Grid andRenewable Energy (SGRE) 2022 20-22March

[77] ZhouM et al 2018Transformer-less dynamic voltage restorer based on a three-leg ac/ac converter IET Power Electronics 11 2045–52
[78] HumayunM,KhanMM,HassanMUandZhangW2021Analysis of hybrid switches symmetricflying capacitormultilevel inverter

based STATCOM Int. J. Electr. Power Energy Syst. 131 107054
[79] Rao PNand Saini LM2022 Photovoltaic-based grid-connected transformer-less three-phase cascaded diode-clampedmultilevel

inverter with reduced leakage current Int. J. Circuit Theory Appl.
[80] Arya P and Jain P 2022Assesment of DVRUsing Conventional VSI andNPC-MLI ToMitigate Voltage Sag/Swell. 2022 IEEE Int. Students’

Conf. on Electrical, Electronics andComputer Science (SCEECS) 2022 19-20 Feb
[81] Balal A,Dinkhah S, Shahabi F,HerreraMandChuang Y L 2022A review onmultilevel inverter topologies Emerging Science Journal 6

185–200
[82] Esmail Y andDousokyGM2022 Power quality improvement in smart distribution grid using low-cost two-level inverterDVR

Journal of Advanced Engineering Trends 42 111–20
[83] PandaKP, Bana PR,Naayagi RT andPandaG 2022ADual-Source Self-Balanced Switched-Capacitor Reduced SwitchMultilevel

Inverter with Extending Ability ( IEEEAccess)
[84] Jothibasu S andMishraMK2014An improved direct AC–AC converter for voltage sagmitigation IEEETrans. Ind. Electron. 62 21–9
[85] Shareef A,GohWL,Narasimalu S andGaoY 2018A rectifier-less AC–DC interface circuit for ambient energy harvesting from low-

voltage piezoelectric transducer array IEEETrans. Power Electron. 34 1446–57
[86] Li Z, Xiong L, Tang L, YangW, LiuK andMace B 2021Modeling and harmonic analysis of energy extracting performance of a

piezoelectric nonlinear energy sink systemwithAC andDC interface circuitsMech. Syst. Sig. Process. 155 107609
[87] Lozano JM,Hernández-FigueroaMA andRamírez JM2012An operative comparison of twoDVR topologies based on amatrix

converter without energy storage IECON2012 - 38thAnnual Conf. on IEEE Industrial Electronics Society 25-28Oct. 2012
[88] KhanMA, Sajjad I A, TahirM andHaseebA 2022 IOT application for energymanagement in smart homes Engineering Proceedings

20 1
[89] Fotis G, Vita V andMaris T I 2023Risks in the European transmission system and a novel restoration strategy for a power system after

amajor blackoutAppl. Sci. 13 83
[90] Aziz T,WaseemM, Liu S,Ma Y and Lin Z 2023A self-healing restoration of power grid based on two-stage adaptive decision-making

strategy to enhance grid resilience Int. J. Electr. Power Energy Syst. 154 109435
[91] Jiang F, TuC, Shuai Z, ChengM, LanZ andXiao F 2015Multilevel cascaded-type dynamic voltage restorer with fault current-limiting

function IEEETrans. PowerDelivery 31 1261–9
[92] Kumar SU andNathK S 2021 Impact of plug-in electric vehicles integrated into power distribution systembased dynamic voltage

restorer with ultra capacitor International Journal forModern Trends in Science and Technology
[93] Selokar A andGhutke P July 2022Analysis of THDwith andwithout a dc-dc converter by the use of an ultra capacitor in simulation of

aDVR959–967www ijrpr com
[94] ÇelıkD,MeralME andWaseemM2022Anew area towards to digitalization of energy systems: Enables, challenges and solutions In

2022 14th Int. Conf. on Electronics, Computers andArtificial Intelligence (ECAI) (IEEE) pp 1–6
[95] SaeedH,MehmoodT, ShahMS, AliH, Khan FA andUllahMF 2022An improved search ability of particle swarmoptimization

algorithm for trackingmaximumpower point under shading conditions Electrical Eng. Electromech. 2 23–8
[96] ParamasivamSK et al 2022 Solar photovoltaic based dynamic voltage restorer withDC-DCboost converter formitigating power

quality issues in single phase grid Energy Sources Part A 44 91–115
[97] Bouaziz F,Masmoudi A, AbdelkafiAandKrichen L 2022CoordinatedControl of SMES andDVR for Improving Fault Ride-Through

Capability ofDFIG-basedWindTurbine International Journal of Renewable Energy Research (IJRER). 12 359–71
[98] WangD, Psaras V, EmhemedAA S andBurt GM2020Anovel fault let-through energy based fault location for LVDCdistribution

networks IEEETrans. PowerDelivery 36 966–74
[99] Farooqi A,OthmanMM,RadziMAM,Musirin I, Noor S ZMandAbidin I Z 2022Dynamic voltage restorer (DVR) enhancement in

power qualitymitigationwith an adverse impact of unsymmetrical faults Energy Reports. 8 871–82
[100] BarbouraMandBouras AR 2022Criticality and operating limits of aMALT30 kV 4-wire electrical distribution networkwithout

conformity of themedium voltage neutral IETGeneration, Transmission&Distribution
[101] El-GammalMA, Abou-Ghazala AY and El-ShennawyT I 2011 Fifteen years of the dynamic voltage restorer: a literature review

Australian Journal of Electrical and Electronics Engineering 8 279–87
[102] MohammedAB, AriffMAMandRamli SN2020 Power quality improvement using dynamic voltage restorer in electrical

distribution system: an overview Indonesian Journal of Electrical Engineering andComputer Science (IJEECS) 17 86–93
[103] UmerM, ShiekhWAandAhmadM2022Voltage quality improvement using dynamic voltage restorer (DVR) International Journal

of Progressive Research in Science and Engineering 3 15–9

31

Eng. Res. Express 6 (2024) 012302 MS Shah et al

https://doi.org/10.1016/j.egyr.2021.09.004
https://doi.org/10.1016/j.egyr.2021.09.004
https://doi.org/10.1016/j.egyr.2021.09.004
https://doi.org/10.1109/TIA.2005.855045
https://doi.org/10.1109/TIA.2005.855045
https://doi.org/10.1109/TIA.2005.855045
https://doi.org/10.1109/TIA.2005.855045
https://doi.org/10.1049/pel2.12266
https://doi.org/10.1049/pel2.12266
https://doi.org/10.1049/pel2.12266
https://doi.org/10.1049/iet-pel.2018.5396
https://doi.org/10.1049/iet-pel.2018.5396
https://doi.org/10.1049/iet-pel.2018.5396
https://doi.org/10.1016/j.ijepes.2021.107054
https://doi.org/10.28991/ESJ-2022-06-01-014
https://doi.org/10.28991/ESJ-2022-06-01-014
https://doi.org/10.28991/ESJ-2022-06-01-014
https://doi.org/10.28991/ESJ-2022-06-01-014
https://doi.org/10.21608/jaet.2021.67681.1098
https://doi.org/10.21608/jaet.2021.67681.1098
https://doi.org/10.21608/jaet.2021.67681.1098
https://doi.org/10.1016/j.ymssp.2021.107609
https://doi.org/10.1016/j.ijepes.2023.109435
http://www ijrpr com
https://doi.org/10.1080/15567036.2021.1984614
https://doi.org/10.1080/15567036.2021.1984614
https://doi.org/10.1080/15567036.2021.1984614
https://doi.org/10.1016/j.egyr.2021.11.147
https://doi.org/10.1016/j.egyr.2021.11.147
https://doi.org/10.1016/j.egyr.2021.11.147
https://doi.org/10.1080/1448837X.2011.11464305
https://doi.org/10.1080/1448837X.2011.11464305
https://doi.org/10.1080/1448837X.2011.11464305
https://doi.org/10.11591/ijeecs.v17.i1.pp86-93
https://doi.org/10.11591/ijeecs.v17.i1.pp86-93
https://doi.org/10.11591/ijeecs.v17.i1.pp86-93


[104] ThakreMP, Borse P S, PatilMD andMahadik YV2022Measurement and compensation of voltage sag employing open-loop single-
phase dynamic voltage restorerMAPAN 37 107–18

[105] Mohammed SA,García CerradaA,MohammedAbdel-RahimAMandHasanin B 2018Dynamic voltage restorer (DVR) system for
compensation of voltage sags, state-of-the-art review International Journal of Computational Engineering Research 3 177–83

[106] Pakharia A andGuptM2012Dynamic voltage restorer for compensation of voltage sag and swell: a literature review International
Journal of Advances in Engineering&Technology

[107] TariqH et al 2022Comparative Analysis of Reactive PowerCompensationDevices in aReal Electric Substation Energies [Internet]
15 12

[108] YeX, LiuH,Hao S, ZhangK andLüG2021Comprehensivemitigation strategy of voltage sag based on sensitive load clustering
International Transactions on Electrical Energy Systems 31 e12914

[109] Fukaume S,Nagasaki Y andTsudaM2022 Stable power supply of an independent power source for a remote island using aHybrid
Energy Storage System composed of electric and hydrogen energy storage systems Int. J. Hydrogen Energy 47 13887–99

[110] WaseemM,Waqas AB, Ali Y, KhanD, FaheemZB,MananA and ShabbirU 2021Home energymanagement strategy forDR
accomplishment considering PVuncertainties and battery energy storage system In 2021 Int. Conf. on Emerging Power Technologies
(ICEPT) (IEEE) pp 1–5

[111] SadighAK and Smedley KM2012Review of voltage compensationmethods in dynamic voltage restorer (DVR) IEEE Power and
Energy Society GeneralMeeting 2012 22-26 July 2012

[112] Fan L,MiaoZ, Shah S, Koralewicz P, GevorgianV and Fu J 2022Data-Driven dynamicmodeling in power systems: a fresh look on
inverter-based resourcemodeling IEEE Power Energ.Mag. 20 64–76

[113] Liu L andZhang J 2022An approach to power systemharmonic analysis based on triple-line interpolation discrete fourier transform
Arch. Electr. Eng. 71 3

[114] SoomroDM,Keat YW, BalochMH,AbdullahMN,RadziNHMandMemonZA2019Mitigation of voltage sag caused by
unbalanced load by usingDFT controlledDVR 2019 IEEE Int. Conf. on Innovative Research andDevelopment (ICIRD) 2019 28-
30 June

[115] Dhoriyani S L andKundu P 2020Comparative group THDanalysis of power quality disturbances using FFT and STFT 2020 IEEE First
Int. Conf. on Smart Technologies for Power, Energy andControl (STPEC); 2020 25-26 Sept

[116] Karimi-GhartemaniM,KarimiH,Khajehoddin SA andHoseinizadeh SM2022 Efficientmodeling and systematic design of
enhanced phase-locked loop structures IEEETrans. Power Electron. 37 9061–72

[117] QiaoW, Li Z, LiuWand Liu E 2022 Fastest-growing source prediction ofUS electricity production based on a novel hybridmodel
usingwavelet transform Int. J. Energy Res. 46 1766–88

[118] Dibal P Y,Onwuka EN, Agajo J andAlenoghenaCO2018Application ofwavelet transform in spectrum sensing for cognitive radio: a
surveyPhysical Communication. 28 45–57

[119] JayakumarV, ChokkalingamB andMunda J L 2021A comprehensive review on space vectormodulation techniques for neutral point
clampedmulti-level inverters IEEEAccess. 9 112104–44

[120] Prince SK, PandaKP and PandaG 2020Kalmanfilter variant intelligent control for power quality improvement in photovoltaic
active powerfilter system International Transactions on Electrical Energy Systems. 30 e12239

[121] AlamS J andArya S 2020Control ofUPQCbased on steady state linear kalman filter for compensation of power quality problems
Chinese Journal of Electrical Engineering. 6 52–65

[122] BakhshizadehMK, Blaabjerg F,Hjerrild J,WangX ŁKandBakCL 2017Anumericalmatrix-basedmethod for stability and power
quality studies based on harmonic transfer functions IEEE J. Emerg. Sel. Top. Power Electron. 5 1542–52

[123] Dash PK, Prasad ENVDV, Jalli RK andMishra S P 2022Multiple power quality disturbances analysis in photovoltaic integrated
direct currentmicrogrid using adaptivemorphological filter with deep learning algorithmAppl. Energy 309 118454

[124] AdewumiOB, FotisG, Vita V,NankooD and Ekonomou L 2022The Impact of distributed energy storage on distribution and
transmission networks’ power qualityAppl. Sci. 12 6466

[125] NaidooR and Pillay P 2007ANewmethod of voltage sag and swell detection IEEE Trans. PowerDelivery 22 1056–63
[126] VaraprasadK SB andMahalakshmiR 2022 Power quality improvement using dynamic voltage restorer (DVR) International Journal

for Research in Applied Science and Engineering Technology. 10 3843–9
[127] VilelaWM, deAndrade Jr KM, SantosHE, deAlvarenga BP, deOliveira E S L and de PaulaGT 2022Novel vector control approach

for switched reluctancemachines based on non-sinusoidal dq transform Journal of Control, Automation and Electrical Systems. 33
345–58

[128] Sillapawicharn Y 2014A fast single-phase voltage sag detection for voltage sag compensation systemTENCON2014 - 2014 IEEE
Region 10Conf. 22-25Oct. 2014.

[129] NaidooR, Pillay P, Visser J, Bansal RC andMbunguNT2018An adaptivemethod of symmetrical component estimation Electr.
Power Syst. Res. 158 45–55

[130] AhmedH, Biricik S, Komurcugil H, Elghali S B andBenbouzidM2022 Enhanced frequency-adaptive self-tuning filter-based
continuous terminal slidingmode control of single-phase dynamic voltage restorerControl Eng. Pract. 128 105340

[131] Jing T,MaklakovA, RadionovA, GasiyarovV andLiang Y 2022 Formulations, Solving Algorithms, existing problems and future
challenges of pre-programmed pwm techniques for high-power afe converters: a comprehensive review Energies [Internet]. 15 5

[132] Gnanavel C andVanchinathanK 2022Review and design ofmodularmultilevel inverter withmodifiedmulticarrier PWMtechniques
for solar PV applicationsCircuitWorld 49 528–559 ahead-of-print(ahead-of-print)

[133] Shirke S andKhule S S 2022 ImprovedDCbus utilization ofDVRbased on repetitive controller with THIPWMtechniqueGlobal
Transitions Proceedings. 3 257–66

[134] VanamS andBharath B S P 2022PowerQuality Improvement inGrid Systemwith PVBased SVPWM-DVR for Sag& SwellMitigation
with aNovel ANNController. Int. Conf. on Electronic Systems and Intelligent Computing (ICESIC) 2022 22-23 April 2022

[135] SadoughiM, Pourdadashnia A, Farhadi-KangarluMandGalvani S 2022 PSO-optimized she-pwm technique in a cascaded h-bridge
multilevel inverter for variable output voltage applications IEEETrans. Power Electron. 37 8065–75

[136] Pal R andGupta S 2020Topologies and control strategies implicated in dynamic voltage restorer (DVR) for power quality
improvement Iranian Journal of Science and Technology, Transactions of Electrical Engineering. 44 581–603

[137] Yelem S,Mahbube S andGoli P July 2021Designing SMCBoost Converter forDVRUsingVSI toMitigate VoltageDisturbances And
Harmonics IEEE Fourth International Conference onDCMicrogrids (ICDCM)

[138] Pérez-GuzmánRE, RiveraMandWheeler PWrecent advances of predictive control in power converters 2020 IEEE International
Conference on Industrial Technology (ICIT) 2020 26-28 Feb. 2020

32

Eng. Res. Express 6 (2024) 012302 MS Shah et al

https://doi.org/10.1007/s12647-021-00494-6
https://doi.org/10.1007/s12647-021-00494-6
https://doi.org/10.1007/s12647-021-00494-6
https://doi.org/10.1016/j.ijhydene.2022.02.142
https://doi.org/10.1016/j.ijhydene.2022.02.142
https://doi.org/10.1016/j.ijhydene.2022.02.142
https://doi.org/10.1002/er.7293
https://doi.org/10.1002/er.7293
https://doi.org/10.1002/er.7293
https://doi.org/10.1016/j.phycom.2018.03.004
https://doi.org/10.1016/j.phycom.2018.03.004
https://doi.org/10.1016/j.phycom.2018.03.004
https://doi.org/10.1016/j.apenergy.2021.118454
https://doi.org/10.3390/app12136466
https://doi.org/10.22214/ijraset.2022.43239
https://doi.org/10.22214/ijraset.2022.43239
https://doi.org/10.22214/ijraset.2022.43239
https://doi.org/10.1007/s40313-021-00810-0
https://doi.org/10.1007/s40313-021-00810-0
https://doi.org/10.1007/s40313-021-00810-0
https://doi.org/10.1007/s40313-021-00810-0
https://doi.org/10.1016/j.epsr.2018.01.003
https://doi.org/10.1016/j.epsr.2018.01.003
https://doi.org/10.1016/j.epsr.2018.01.003
https://doi.org/10.1016/j.conengprac.2022.105340
https://doi.org/10.1016/j.gltp.2022.03.002
https://doi.org/10.1016/j.gltp.2022.03.002
https://doi.org/10.1016/j.gltp.2022.03.002
https://doi.org/10.1007/s40998-019-00287-3
https://doi.org/10.1007/s40998-019-00287-3
https://doi.org/10.1007/s40998-019-00287-3


[139] Rohten J A et al 2021Multivariable deadbeat control of power electronics converters with fast dynamic response andfixed switching
frequency Energies [Internet]. 14 1–16

[140] Dai S,Wang J, Sun Z andChong E 2022Deadbeat predictive current control for high-speed permanentmagnet synchronousmachine
drives with low switching-to-fundamental frequency ratios IEEE Trans. Ind. Electron. 69 4510–21

[141] Eltamaly AM,MohamedY S, El-SayedAHMandElghaffar ANA2018Enhancement of Power SystemQuality Using PI Control
Technique withDVR forMitigation Voltage Sag. 2018 Twentieth Int.Middle East Power SystemsConf. (MEPCON) 2018 18-20Dec

[142] Ansal V 2020ALO-optimized artificial neural network-controlled dynamic voltage restorer for compensation of voltage issues in
distribution system Soft Computing. 24 1171–84

[143] Pal K, Akella AK,Namrata K and Pati S Classification of fault using artificial neural network and power quality improvement using
dvr in a pv integrated hybrid power system 2022 Int. Conf. on Intelligent Controller andComputing for Smart Power (ICICCSP) 2022
21-23 July 2022

[144] Kabat S R, Panigrahi CK andGanthia B P 2022Comparative Analysis of fuzzy logic and synchronous reference frame controlled
LVRT capability enhancement inwind energy systemusingDVR and STATCOM Sustainable Energy and Technological Advancements
(Springer Singapore) vol 2022

[145] Zahra ST, KhanRU,UllahMF, BegumB andAnwarN 2022 Simulation-based analysis of dynamic voltage restorer with slidingmode
controller at optimal voltage for power quality enhancement in distribution system Electrical Engineering&Electromechanics 1 64–9

[146] LinH et al 2022 Fuzzy sliding-mode control for three-level npc afe rectifiers: a chattering alleviation approach IEEE Trans. Power
Electron. 37 11704–15

[147] UllahMF andHanif A 2021 Power quality improvement in distribution systemusing distribution static compensator with super
twisting slidingmode control International Transactions on Electrical Energy Systems 31 e12997

[148] ShahMS,MahmoodT,UllahMF,MananMQandRehmanAU2022 Power quality improvement using dynamic voltage restorer
with real twisting slidingmode control. engineeringTechnology&Applied Science Research 12 8300–5

[149] IncremonaGP, CucuzzellaM and Ferrara A 2016Adaptive suboptimal second-order slidingmode control formicrogrids Int. J.
Control 89 1849–67

[150] Rehman FU,MuftiMR,Din SU, AfzalH,QureshiM I andKhanDM2020Adaptive smooth super-twisting slidingmode control of
nonlinear systemswith unmatched uncertainty IEEEAccess. 8 177932–40

[151] Zhang Z, GuoY,GongD andZhu S 2022Hybrid extended state observer-based integral slidingmode control of the propulsion for a
hydraulic roofbolterControl Eng. Pract. 126 105260

[152] AhmedH andÇelikD 2022 Slidingmode based adaptive linear neuron proportional resonant control of Vienna rectifier for
performance improvement of electric vehicle charging system J. Power Sources 542 231788

[153] Teodorescu R, Blaabjerg F, LiserreM and LohPC2006 Proportional-resonant controllers andfilters for grid-connected voltage-
source converters IEE Proc., Electr. Power Appl.

[154] Kumar YV et al 2022 Fuzzy hysteresis current controller for power quality enhancement in renewable energy integrated clusters
Sustainability 14

[155] KarimianMand Jalilian A 2012 Proportional-repetitive control of a dynamic voltage restorer (DVR) for power quality improvement
2012 Proceedings of 17th Conference on Electrical PowerDistribution

[156] MivehMR,RahmatMF,Ghadimi AA andMustafaMW2016Control techniques for three-phase four-leg voltage source inverters in
autonomousmicrogrids: a reviewRenew. Sustain. Energy Rev. 54 1592–610

[157] GulshanZA, AliMZH, ShahMS,NoumanD,AnwarMandUllahMF2021A robust control design approach for altitude control
and trajectory tracking of a quadrotorElectrical Engineering&Electromechanics 5 17+

[158] PrasadD andDhanamjayuluC 2022 Solar PV-Fedmultilevel inverter with series compensator for power quality improvement in
grid-connected systems IEEEAccess. 10 81203–19

33

Eng. Res. Express 6 (2024) 012302 MS Shah et al

https://doi.org/10.1007/s00500-019-03952-1
https://doi.org/10.1007/s00500-019-03952-1
https://doi.org/10.1007/s00500-019-03952-1
https://doi.org/10.48084/etasr.4734
https://doi.org/10.48084/etasr.4734
https://doi.org/10.48084/etasr.4734
https://doi.org/10.1080/00207179.2016.1138241
https://doi.org/10.1080/00207179.2016.1138241
https://doi.org/10.1080/00207179.2016.1138241
https://doi.org/10.1016/j.conengprac.2022.105260
https://doi.org/10.1016/j.jpowsour.2022.231788
https://doi.org/10.1016/j.rser.2015.10.079
https://doi.org/10.1016/j.rser.2015.10.079
https://doi.org/10.1016/j.rser.2015.10.079

	1. Introduction
	1.1. Merit
	1.2. Demerit

	2. Power quality
	2.1. Issues of power quality
	2.2. IEEE PQ standard for DVR
	2.2.1.519–1992-IEEE
	2.2.2.1100–1992—IEEE
	2.2.3.142–2007—IEEE
	2.2.4.141–1993—IEEE
	2.2.5.241–1990 - IEEE
	2.2.6. C57.110–1986—IEEE

	2.3. Others alternative CPD for power quality improvement

	3. Dynamic voltage restorer
	3.1. Structural element of DVR
	3.1.1. Energy storage and DC link
	3.1.2. Voltage source inverter
	3.1.3. Filters circuit
	3.1.4. Injected transformer
	3.1.5. By-pass switch


	4. DVR topologies
	4.1. Interline DVR
	4.1.1. DVR without energy storage
	4.1.2. DVR with energy storage
	4.1.3. Without isolation based DVR (Transformer less DVR)
	4.1.3.1. Benefits [78–80]
	4.1.3.2. Drawbacks
	4.1.4. Topologies of DVR power converter
	4.1.5. Converter topologies of two level
	4.1.5.1. Multilevel converter topology
	4.1.5.2. Direct AC to AC conversion-based topology
	4.1.5.3. Benefits
	4.1.5.4. Drawbacks
	4.1.6. Fault Current Limit (FCL) for grid connected DVR
	4.1.7. DVR in distributed grid with ultra capacitor
	4.1.8. Renewable energy sources (RES) integration with DVR


	5. Location of DVR
	6. DVR operation modes
	6.1. Protection (safety mode)
	6.2. Standby mode
	6.3. Injection mode

	7. DVR compensation methods
	7.1. Compensation via pre sag
	7.2. In phase compensation methods
	7.3. Compensation of reactive power
	7.4. Energy optimization compensation method
	7.4.1. Voltage restriction
	7.4.2. Power limit
	7.4.3. Energy limit
	7.4.4. EM for balanced sag
	7.4.5. EM for unbalanced sag

	7.5. Voltage tolerance method with minimum energy injection
	7.6. Hybrid voltage compensation methods

	8. Control algorithms
	8.1. Voltage detection method
	8.1.1. Fourier transform (FT)
	8.1.2. Phase locked loop technique
	8.1.3. Strategy of wavelet
	8.1.4. Space vector’ control
	8.1.5. Root mean square (RMS) strategy
	8.1.6. Kalman filtering method
	8.1.7. Numerical matrix method
	8.1.8. Improved morphological filtering
	8.1.9. Period phase method
	8.1.10. Missing voltage technique

	8.2. Reference generation
	8.2.1. Park and clark transformation
	8.2.2. Symmetrical component estimation
	8.2.3. Phase parameter estimation method

	8.3. Switching strategy
	8.3.1. Pulse width modulation (PWM)
	8.3.2. Sinusoidal pulse width modulation (SPWM)
	8.3.3. Third harmonic injection pulse width modulation (THIPWM)
	8.3.4. Space vector pulse width modulation (SVPWM)
	8.3.5. Fundamental frequency
	8.3.6. Selected harmonic elimination (SHE-PWM)


	9. Control scheme of DVR
	9.1. Linear control
	9.1.1. Feed-forward control
	9.1.2. Feedback control
	9.1.3. Composite control
	9.1.4. Ramp control
	9.1.5. Predictive control
	9.1.6. PI control

	9.2. Non-linear control
	9.2.1. Artificial neural network control (ANN)
	9.2.2. Fuzzy logic control
	9.2.3. Sliding mode control
	9.2.4. Proportional resonant control (PR)
	9.2.5. Hysteresis control
	9.2.6. Repetitive control
	9.2.7. H-Infinity control


	10. Discussion
	11. Conclusion
	Data availability statement
	References



