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Abstract

Power Quality (PQ) issues like voltage sag, swefid harmonics in electric power systems, especthlhge with an
unbalanced radial network structure, dynamic corsggon mechanisms are essential, particularly folustrial loads
susceptible to voltage fluctuations due to fault®werloads. Dynamic Voltage Restorers (DVRs) have Ipgeposed as a
viable solution. However, when integrated into stributed network, it becomes crucial to deternilme optimal placement
to maximize system performance. This paper focesea Photovoltaic (PV) system integrated DVR usingcgpVector
Transformation (SVT) with a Proportional ResonarR)Eontroller Control strategy. The primary objectiggo minimize
the System Average RMS Variation Frequency IndexRBI within the system of interest by identifying tbgtimal
location of DVR. To assess the effectiveness ofptloposed scheme, a functional PV-DVR model was deeel using the
MATLAB2023a/SIMULINK simulation environment. This rdel was implemented to dynamically restore nodéagels to
their pre-fault conditions in response to faultsogerloads. The simulation results are presenteddth an IEEE 13-node
test distribution system and a 50-node typical alagidustrial distribution system operating in Nepahe3e simulation
results serve to demonstrate the effectivenesspeandicality of the proposed approach in mitigatpmver quality issues
within electric distribution systems, thereby emsgiuninterrupted operation for critical industri@ads.

Keywords: Power Quality (PQ), Photovoltaic (PV) system, Space Vector Transformation (SVT), Proportional Resonant (PR)
Controller, System Average RMS Variation Frequency Index (SARFI),voltage profile, power loss, optimization.

1. INTRODUCTION

Dynamic voltage restorers (DVRs) have been extehsstudied in the literature as a good solution
reduce voltage disturbances in power systems. §®lthps, surges and interruptions can cause seri
damage to electrical equipment and disrupt thetfoming of critical facilities such as data centers
hospitals and factories [2]. DVR is a power-basedick that is balanced with the equipment t{
compensate for the voltage difference and contlpiower supply within the allowable range.

DVR design involves selecting the appropriate wacsr topology, selecting the ratings of th
transducer components, and deciding on the costiralegy. Various converter topologies have be:
proposed such as voltage source converter (VS@Yemt source converter (CSC) and hybri
converter. VSC topology has become the most widsgd switching topology in DVR due to its higt
power density, fast response and easy control A&ijsideration of switching devices such as DC lir
capacitors [17], inductors, and semiconductor d&vits another important consideration in DVI
design. The rating of these items affects the paize, and performance of the DVR.

There are several studies evaluating the perforemafhd®VRs under different operating conditions
including various load impedances, fault locaticasg fault types. Many studies have demonstrat
the effectiveness of DVRs in compensating for \g#talips, swells, and outages. Also, Many contr
concepts have been proposed for DVR, such as Riatofuzzy logic control, and model predictive
control (MPC), Artificial Neural Networks [23].
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A photovoltaic-based Dynamic Voltage Restorer (DV¥Ra device that uses solar panels to provic
power to the grid during voltage dips or spikese Hystem combines two technologies: DVR an
photovoltaic (PV) technology, offering a sustaimalind environmentally friendly way to increase
energy efficiency. The main purpose of photovoltzased DVR is to protect sensitive loads fron
voltage drops and maintain the voltage at a cohdéamel. This is an ideal solution for rural areas
where electricity is poor and the grid is weak.rétent years, many researchers have worked
improve the performance of PV-based DVR. Receneldgments and research on photovoltaic-base
DVRs have shown great results in reducing voltage dnd restoring voltage to pre-fault state.

The proposed PV-based DVR system uses a hybrid MRfFithm (Incremental Conductance anc
Integral Regulator) to improve performance. Theppsed system has been tested on MATLALI
Simulink and the results have shown that the systamreduce voltage dips/swells and provide
stable voltage to the load. The study found thatepvector pulse width modulation (SVT) with PR
controller [31] is effective in reducing voltageogr and stabilizing the load voltage. The propose
process also reduces THD and increases the pouter f# the system.

The proposed system was tested on a standard |IBEBde distribution test system and 11kV Simar
industrial distribution feeder in Nepal using nowgtimization technique involving minimization of
the System Average RMS Variation Frequency IndeXRE) [24] within the system of interest by
identifying the optimal locations PV-DVRs . Accandito the research results, photovoltaic integrate
DVR can ensure the uninterrupted operation of tagranterprise by reducing the quality of electrica
problems in the power distribution system.

2. PROPOSED DVR CONTROL SCHEME AND MOBELLING

The DVR system utilizes a series injection transier, VSI, solar-based DC link, and control circuit
for the purpose of retaining the base-phase valtdge reference voltage waveform is used t
compare the actual voltage pattern of the distiglousystem at the point of common coupling (PCC
to the voltage difference required by the DVR gyst&his difference is then adjusted by the Voltag
Source Inverter (VSI) to provide the required poviarthe distribution system. The DVR inverter
utilizes PWM technology to control the amplitudedgrhase angle of the voltage product, while th
solar coupling system supplies the necessary wveaptbwer for stable output. The SVT regulatior
minimizes power loss and ensures efficient powstribution, calculating the reactive power anc
reducing the loss on the load side as per the &ddivom the PWM. The block diagram of proposer
control scheme is shown in Fig 1.

'
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transformer

Fig. 1. Proposed Integrated DVR system.
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2.1 MODELLING OF DVR
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Fig. 2. Equivalent Circuit Diagram of DVR

The system impedancen4lepends on the fault level of the load bus. Wienstystem voltage (Vth)
drops, the DVR injects a series voltage,Nthrough the injection transformer so that the esioad
voltage magnitude Mcan be maintained. The series injected voltageeDVR can be written as

VovR = VL +Zwnle = Ven 1)
Where,
V.: The desired load voltage magnitude
Zn: The load impedance.
I.: The load current.
V. The system voltage during fault condition

The function of the DVR is to maintain the voltdgeadjusting the magnitude, form, and phase of tl
voltage. By injecting the right amount of energtoiitthe line, the DVR eliminates fluctuations in ths
voltage. In this approach, only the magnitude & tloltage was adjusted, with the load voltac
assumed to be in phase with the pre-sag voltage.lddd voltage and the reference voltage are f
into the controller, which then produces pulsegh® inverter using the Pulse Width Modulatiol
(PWM) approach, depending on the difference betw#n two voltages. Through the voltage
injection transformer, the inverter injects the regsponding amount of energy into the line. Thi
method is based on power quality enhancement doidssystem through the usage of a DVR powere
by solar energy. This mainly reduces the sag aredl switages.

The proposed methodology utilizes a ProportionadRant Controller (PR), based on Space Vect
Transformation (SVT) to effectively control the aner voltage for synchronizing the line voltage ar
to reduce the harmonics on the load side. The RRrater has the highest gain at the desire
frequency of the alternating voltage or current &darmonic deviation. However, the harmoni
compensators of the PR controller are restrictea fiew low-current harmonics and the frequency
compensation is outside the control loop compemisatiio obtain control over a wider loop
bandwidth, a large proportion of the control lo@prgcan be chosen. For this efficient control gyste
the sag and swell voltages are neglected, andysters's harmonics are reduced. The Space Vec
Transformation (SVT) is used to control PWM in th¥R inverter with a solar PV system, thus
producing a synchronous output in the Distributiog.

2.2 SPACE VECTOR PULSE WIDTH MODULATION

Space vector modulation (SVM) is an algorithm us$ed the control of pulse-width modulation
(PWM) in order to create alternating current (ACGweforms, most commonly to drive 3 phase A
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powered motors from DC using multiple class-D afig. Variations of SVM can result in different
quality and computational requirements, with ontvacarea of development being the reduction of
total harmonic distortion (THD) created by the thpwitching inherent to these algorithms.

A three-phase inverter converts a DC supply, \sarées of switches, to three output legs whichaoul
be connected to a three-phase motor. The switchest be controlled so that at no time are both
switches in the same leg turned on or else the WiPlyg would be shorted. This requirement may be
met by the complementary operation of the switchighin a leg i.e. if A+ is on then A- is off and
vice versa, resulting in eight possible switchimgtors for the inverter, VO through V7 with sixiset
switching vectors and two zero vectors (Table 1).

Vector | A* | B® | C" | A" | BT € Vag|Vgc Vea

WV, = {000} | OFF |OFF |OFF | ON [ON |ON | 0 | 0 | 0 |zerovector
V,={100} | ON | OFF |OFF |OFF | ON | ON | +Vg, | 0 |-V, |active vector
V,={110} | ON | ON |OFF | OFF |[OFF | ON | 0 |[+V4 |-V |active vector
V3 ={010} | OFF | ON |OFF | ON | OFF | ON | -V | +V4 | 0 |active vector
V,={011} |OFF | ON | ON | ON | OFF | OFF | -Vg, | 0 |+Vg, |active vector
Vs ={001} | OFF |OFF | ON | ON | ON | OFF | 0 |-V | +Vg | active vector
Vg={101} | ON | OFF | ON | OFF | ON | OFF | +V |-V | 0 |active vector
V;={111} | ON | ON | ON |OFF |OFF |OFF| 0 | 0 | 0 |zerovector

Table.1 Switching Vectors of SVT

To implement space vector modulation, a refereingeat Vref is sampled with a frequency fs (Ts =
1/fs). The reference signal may be generated frioraet separate phase references usingufiye
transform. The reference vector is then synthesimddg a combination of the two adjacent active
switching vectors and one or both of the zero wsctifferent strategies for selecting the ordethef
vectors and which zero vector(s) to use exist, Wwhidl affect the harmonic content and the switchin
losses.

2.3PR CONTROLLER

In comparison to traditional schemes, the PropoatidResonant (PR) controller has been known to
achieve improved frequency domain stability, sugredurrent tracking behavior, and lower Total

Harmonic Distortion (THD) in the proposed strategy ideal PR controller can be mathematically
attained by converting an ideal synchronous frameoRtroller to a stationary frame, with an open

loop transfer function, &s), that has an infinite gain at the resonantuesgy, ®0 (equation 2)

2K;8

2 2
§° + wy

Go(s) = K, +

Where,
o0=Resonant Frequency
Kp= Proportional Gain

Ki= Integral Gain
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S*+ wo>= produces infinite gain at reference frequency

The term Ki is used to define various aspects stesy dynamics, such as bandwidth, phase, gi
margins, and more. A low value of Ki indicates aro& bandwidth, while a large Ki implies a widel
bandwidth. However, the use of a Proportional-Rasb(PR) controller with an infinite gain can leau
to an infinite quality factor, which is not pracildn real-world applications. To address this tation,
damping is introduced into an approximate non-idlcontroller, as shown in Equation 3.

2K,w.s

Geo(s) =Gep(s) +Gop(s) =K, + ———
c(8) = Gep(s) + Gey(s) = K, S s 1 ]

This damping factor helps specify the bandwidthuatbthe resonant frequency, denoted@saswoc.

In cases where voltage is introduced to the poimer Voltage mismatches can occur due to the lack
synchronization in voltage waveforms. If the magadé of the mismatched voltage increases, it rest
in an increase in line current, and converselye@eahse in the mismatch voltage magnitude leads t
decrease in line current. Consequently, the angditof the mismatch voltage has a direct impact «
the line current and, consequently, on the pow&ioed from the energy source.

A

Uref

©

Fig. 3.Proposed Control Scheme in MATLAB.
3.  OPTIMAL PLACEMENT OF PV INTEGRATED DVR

3.1 DESCRIPTION OF TEST SYSTEM

Case Study-1: IEEE 13 Node Test Distribution System

One Line Diagram

7 650
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3
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Fig. 4: IEEE 13 Node Test Distribution System

The IEEE 13 Node Test System, also known as thé& IEE Bus Test System, is a commonly use
power distribution system test case in the fiel@lettrical engineering and power systems analitsis
serves as a benchmark system for various studiesjlations, and research related to powe
distribution and grid analysis. This system repnése simplified but realistic model of a portionam
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electrical distribution network. It is a 4.16kV/8lV, 60Hz, 3582kW, 1746KVAR system with
overhead and underground lines with 1 regulatag, distribution transformer and one circuit breaker

Case Study-2: 11kV Simara Industrial Feeder, Nepal

A

It th 6.50 KM B
Nepal Electricity Authority| Simera feeder
(Simara DC > s 1
T T f T T

Fig. 5: 11/0.4kV Smara Industrial Feeder,Nepal

The 11kV Simara Industrial feeder, situated in BBistrict within the jurisdiction of Simara DCs,
Madesh Province, Nepal, encompasses a 6.5km stsdttelall Dog Conductor, spanning from 132/1:
Parwanipur S/S to the line section of last Indattioad Nepal Ceramics. This feeder comprises
only 15 industrial private 11/0.4kV transformergthnva collective installed capacity of 14.07MVA.
This feeder is 50 node feeder with 35 11kV busessl&nload buses.

Notably, it's important to recognize that all cocteel loads do not operate simultaneously durinds pe
load periods. The feeder's load capacity, with pacdy of approximately 5.71MVA on a Dog
Conductor, accommodates a peak loading of 300Aetndrmal operating conditions, data gathere
from each Time-of-Day (TOD) meter of the connecledds reveals a simulated load demand
1.66MVA(at one of the instances). Under one of dperating conditions, data gathered from eau
Time-of-Day (TOD) meter of the connected loads a#wea simulated load demand of 5.955MV
which is load of 312A on the feeder. The relaytf@ feeder has an overload setting of 320A.

Table.2 Installed Transformer Capacity of Smara Feeder

SN. Location Capacity (KVA)

1 | Shiv shakti oil and fats 320

2 | Shiv shakti agri 700

3 | Rajesh metal 4600

4 B.G. Cotton 50

5 | Krishna steels 850

6 | Shubha laxmi metal 600

7 | Harsa plastic 110

8 | Gorkha feed 800

9 | Narayani food product 500

10 | RMC cement 1750

Win win metal

11 | Industries 300

12 | Josis Gyavin 196.25

13 | Nepal stonex 550

14 | Nepal ceramic 1250

15 | RMC food 1500
Total 14076.25
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3.2 OPTIMIZATION IN THE TEST SYSTEM
Optimal location was determined with the objectioe minimization of System Average RMS
Frequency Index (SARFI) of the system in the presaf DVR. The objective is given by,

nop
SARFI, = 2=t 1%

Where,

X=RMS voltage threshold

nix=number of voltage sags lower than the specifiegistiold
n= total number of connected loads (with all theds)s

The objective function is then given by,
y = min (SARFIy) = min (ﬁ)

The sag threshold X is considered as 0.9 or 90%saell threshold is considered 1.1pu or 1109
which indicates that we compute the system avesagefrequency based on the number of bus
whose voltages go below 90% and go above 110%edfidiminal threshold value during a fault.

| Specify all fault positions (W) |
| Fault rate distribution rg fe™N |
1
| f=1; SARFIx=0 |
I

: ()
Calculate 3-phase fault current Ly and
bus voltagesswal] < X icN
Yes
DVR presented —1 (s %)
No Calenlate U 4 with

the presence of DVRs

Fig6: Flowchart for Calculation of SARFI
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3.3METHODOLOGY

Fig7 Flowchart for the proposed Methodol ogy

The simulation models for both test systems werdicumeusly developed using MATLAB
2023a/SIMULINK software. These models underwentdhigh analysis through short-circuit studies
followed by time-domain simulations. The objectw@s to evaluate the per unit (p.u.) three-pha
voltages at all load buses within the network undegious types of short circuits, including singte
to ground (L-G), line to line (L-L), double line wround (L-L-G), and balanced three-phase (L-L-L
G) faults. This analysis was conducted over a 8cbisd duration.

The collected post-fault voltages were treatedhpstidata, while the nominal p.u. voltages at défife
buses served as the target output data. Spegifith# focus was on assessing the System Aver:
RMS Frequency Index (SAFRI) for different bus vgkadeviations from their respective targe
values. SAFRI offers insights into identifying thr®st vulnerable bus within the system, based on t
highest voltage deviation from the target due tadtfand due to overload in case of 11kV Simai
feeder. Subsequently, the bus exhibiting the migstifcant deviation from the target voltage wa:
identified as the optimal location for the placemeh a Dynamic Voltage Restorer (DVR). This
approach ensures that the DVR is strategicallytiopogid to effectively mitigate voltage deviationsla
safeguard the stability of the power system.

4. Resultsand Discussuions

4.1 VOLTAGE SAG,SWELL AND HARMONICSPROBLEM MITIGATION BY PV INTEGRATED DVR

o
iyl
R

Fig 8: Proposed System Model in MATLAB
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The investigation of the PV-integrated DVR mode€sponse to various voltage disturbances w
conducted through simulation. A three-phase balhrfealt scenario was simulated, lasting for
duration of 0.1 seconds, occurring between t=0n2ista0.3s. This simulation aimed

=

OB

Fig 9: Load Voltage ( DVR) for a 3-phase fault

to replicate a voltage sag across the load, reguiti the load voltage decreasing to 80% of itsmadr
value, as illustrated in Figure 9 (Vabc) . Additdlyg, a voltage swell was emulated by externall
injecting voltage using a programmable voltage seun MATLAB. This injection started at t=0.4s
and continued until t=0.5s. During this period, gystem's voltage increased to 120% of its nomir
value. The system was then operated in the presehdeV integrated DVR in series with a
distribution line feeding a load. Figure 4.1 (Vldpathows the events after the installation of theRDV
The first figure shows the source voltage durinigudt (voltage sag, swell), the second figure shov
that the load voltage after DVR has compensateddliage sag and swell. It can be clearly observ
that when the source voltage sags from t=0.2 ts@Bd swells from t= 0.4 to 0.5 s, DVR has eithi
injected or absorbed the power for a constant geltacross the load terminal. The third figur
(Vinjection) in Figure 9 shows the profile of powiajection and absorption by the DVR. From th
third figure, it can be seen that the DVR has itgdcvoltage (power) into the load from t=0.2s t
t=0.3s for voltage sag whereas, DVR has absorbe@xhess voltage from t=0.4s to 0.5s for voltag
swell. It is seen that the injected voltage by D\MRring sag/swell varies to bring back the loa
voltage.

It has been shown that the developed DVR modegatis balanced voltage sags and swells occurr
in the load, even when the source side voltagesagged or swelled.

Fig 10: Load Voltage ( DVR) for a S.G fault
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Balanced faults are the least occurring eventsoiwep systems, with unbalanced fault unbalanct
faults occurring for more than 95% of the time. Amgdifferent faults, Single Line to Ground (SLG
faults are the most frequent— responsible for alr86%6 of the total number of faults. It is importan
that the modeled DVR is able to compensate foruhkalanced voltage sags during SLG faul
occurring in the systems.

For this, an unbalanced fault (SLG) fault has bsiemulated for the time duration of 0.2 s to 0.3
Waveforms of load voltage under this unbalancett &how that Phase A has decreased to 10% of
normal operating voltage while the phases B anch@ «ill healthy in Figure 8. It can be clearly
observed that when the source voltage sags fror2 te@®.3 in Phase A. DVR has injected voltage f
phase A.
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Fig 11: Harmonics of the System before and after Installation of DVR in model test system during fault

PV integrated DVR with space Vector Pulse with Mation with PR Controller was also able tc
decrease the THD during balanced three phase fiamtt 12.97% to 1.52% when fed with 3rc
Harmonics in the system by programmable Voltage&oin MATLAB .

4.2 CASE STUDY 1:1EEE 13 NODE TEST DISTRIBUTION SYSTEM

IEEE 13 Node Test Distribution Feeder have beenateadin MATLAB/SIMULINK environment,
and the same model has been simulated for diffderiis scenario and the values of the post fal
voltages were measured and were used for SAFRU#kan for Optimal Location of PV-Integrated
DVR.

Following the procedure of optimization, it was eb&d that at node 633(i.e. between branch (62
633) lowest value of SARFI 6.66 among the threespHaus was observed. Then DVR was placed
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the node to observe the performance. As was the wubserable node. Table 2 shows the SAFF
values of all the three phase buses of the system.

Location (BUS) | SAFRIVALUES

632 7.14

633 6.66

643 7.69

650 11.11

675 6.67

680 7.14

692 10

Table.3 SAFRI Values |[EEE 13 Node Test System

As a result, branch 632-633 , in IEEE 13 nodeesyswas chosen as the optimal location.

The maximum vulnerability of a node in the systeam de attributed to its location in the syster
along with the load distribution such that for motthe faults in the system, the vulnerable bes in
the fault current-carrying path as a result hasimarm value for its voltage deviation from the rate

voltage.
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Fig 12: Load Voltage |IEEE 13 node Test system for a LLG fault
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It has been shown that the developed DVR modébles @ mitigate unbalanced voltage sags (DL
Fault at node 632) between t=0.2s to 0.3s and swetlween t=0.4s to 0.5s occurring in the loadnev
when the source side voltage has sagged to 60%.mobdel is tested in different radial distributiol
systems in different Fault conditions and Faultatam, to effectively restore the voltages in th
system buses under certain undesired events.

sel FET window.
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at U VUV I \\/ | \u/ /\ \ i

: ' WA I H{_g{.\sflﬂ%f\/\v/v\ il W\M
s

Fig 13: Harmonics of the System before and after Installation of DVR in |EEE 13 Node test system
during fault

PV integrated DVR with space Vector Pulse with Mation with PR Controller in IEEE 13 node
Test System was also able to decrease the THDglbatanced three phase fault from 106.58%
6.35% in 60Hz System. Which is just slightly higliean threshold value of 5% but it is in acceptab
range considering the complexity of IEEE 13 Nod thstribution system.

4.3 CASE STUDY 2: 11KV SIMARA INDUSTRIAL FEEDER-NORMAL LODAING CONDITIONS

The 11kV Simara Industrial Distribution Feeder bagn modeled within the MATLAB/SIMULINK
environment. This comprehensive model incorporédad data obtained from Time-of-Day (TOD)
meters installed at all 15 consumer sites. It ugoles simulation for various fault scenarios, witistp
fault voltage values meticulously recorded. Thesltage measurements form a critical component f
the subsequent calculation of the System Averagit Rade Through Index (SAFRI), aiding in the
identification of the optimal location for the PYitegrated Dynamic Voltage Restorer (DVR).

Following the prescribed optimization procedure #mnalysis revealed that the lowest SAFRI valu
denoting superior voltage stability, was recordedus 5, situated between branches 4 and 5, witl
SAFRI value of 8.2. Notably, the second lowest SAF&ue, at 9.11, was observed at bus 12, fou
between branches 11 and 12. Bus 12 also emergesigificant consideration due to its vulnerapilit
and high load capacity, hosting Rajesh Metal withirsstalled transformer capacity of 4600KVA
Ultimately, the decision was made to place the Da¥fRus 5, recognized as the most optimal positic
to closely monitor its performance. It was a prudshoice, particularly given bus 12's vulnerability
Figure 14 provides a visual representation of SAFRRlies across all 11kVbuses within the system.
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SARFI Values%

uuuuuuuuu

Fig 14: SAFRI values at different buses simara industrial feeder

As a result, branch 4-5, the section of 11 kV Sankmdustrial feeder was chosen as the optim
location. A 6kV, PV system has been effectivelyldged in a DVR (Dynamic Voltage Restorer) tc
successfully mitigate voltage sags and swells. feidib illustrates the input and output charactedst
of the branch housing the PV-DVR. A LL fault is ibelrately induced at the system's most critic:
location, and the resulting perturbations are ¢iffety mitigated. The PV-DVR demonstrates succes
in rectifying voltage sags and swells, bringingnthi@ close proximity to the 1 per unit (p.u.) refiece
value. Additionally, it efficiently addresses sagvell and harmonics problems in the system, ew
when subjected to various fault conditions.inclgd®ingle Line-to-Ground (SLG), Line-to-Line-to-
Line-to-Ground (LLLG), Line-to-Line-to-Line (LLL)and Line-to-Line (LL) faults.

/] it et

““““““

Fig 16: Output Voltages of the farthest 11kV buses after installation PV-DVR in simara feeder
during LL fault
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Fig 17: Output Voltages of the farthest 0.4Kv (load) buses after installation PV-DVR in simara feeder
during LL fault

PV integrated DVR effectively compensates for tb#age fluctuations not only at nearest bus V5 b
extends its support seamlessly to cover all bupet® uhe final 11kV bus, V50 (i.e nearly 0.98p.u.)
during fault occurrences. Furthermore, this comptos encompasses all the load (0.4kV) bus

within this network.
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Fig 18: Harmonics of the System before and after Installation of DVR in 11kV Smara Feeder during
Fault conditions

The integration of a Photovoltaic (PV) system ithe Dynamic Voltage Restorer (DVR) systemnr
utilizing Space Vector Pulse Width Modulation (SVRW with a Proportional-Resonant (PR)
controller, represents a significant advancememiiénmanagement of power quality within the 11k’
Simara Industrial feeder. Total Harmonic Distorti@HD) during line-to-line (LL) faults, condition
spanning 25 cycles, commencing at t=0.2s and cdimguat t=0.5s, within the 50Hz system, the DV}
integrated system succeeded in reducing THD frommiéally high 39.12% to as as low 4.51%.
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4.4 CASE STUDY 2: 11KV SIMARA INDUSTRIAL FEEDER-HEAVY LODAING CONDITIONS

During peak load periods, it's clear that not alhrected loads are in operation simultaneously. Tt
feeder, with a capacity of approximately 5.71MVA arDog Conductor, can handle a peak load ¢
300A. However, under specific operating conditiodsta from Time-of-Day (TOD) meters on
connected loads indicate a simulated load demarel3#5MVA (at one instance), equivalent to ¢
312A load on the feeder. The feeder's relay iscsttp at 320A. When the current reaches 312Ay onl
buses 1, 2, and 3 maintain a voltage of 1 per (pnit), while all buses beyond experience a voltac
drop from 0.84 p.u. to 0.89 p.u., with the farthass being the most affected.

To address this voltage issue, a Dynamic Voltaggd®er (DVR) was optimally placed at the branct
4-5 section of the 11kV Simara Industrial feeder.

Fig 19: Input and output Voltages of installed PV-DVR in simara feeder in MATLAB in feeder
overloaded conditions.

Figure 19 depicts the input and output charactesigif the branch housing the PV-DVR. During the
feeder's overload condition, only buses V1, V2, "¥8dnanage to maintain their voltage close to 1 pe
unit (p.u.). However, following the strategic platent of the DVR, The DVR consistently maintains
the voltage levels within the range of 0.95 p.u0tB9 p.u. across all 11kV buses and load buse
including the farthest 11kV buses, V47, V48, V50 @he farthest load bus, V49. This performance |
illustrated in Figures 20 and 21.

Fig 20: Output Voltages different 11kV buses after implementation of PV-DVR in simara feeder in
feeder over-load conditions.
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Fig 21: Output Voltages different load (0.4kV) buses after implementation of PV-DVR in simara feeder
in feeder over-load conditions.
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Fig 22: Harmonics of the System before and after Installation of DVR in 11kV Smara Feeder during
overload conditions.

Proposed approach has yielded impressive resalticyarly in mitigating Total Harmonic Distortion
(THD) during feeder-overloaded conditions. Spanni2§ cycles, commencing at t=0.2s an
concluding at t=0.5s, within the 50Hz system, théRDntegrated system succeeded in reducing Tk
from an initiaL 1.90% to lower 1.06%.

4. CONCLUSION

This study implemented a compensation model thagmtes a Photovoltaic System with a Dynam
Voltage Restorer (DVR) and a Space Vector PulsetiWhodulation (SVT) based Proportional-
Resonant (PR) controller. The purpose of this irategl system was to address grid power fluctuatio
in both the IEEE 13 Node Test Distribution systemd ¢he 11kV Simara Industrial feeder in Nepa
The SVT controller was employed to dynamically atljine Pulse Width Modulation (PWM) of the
inverter and utilize the DVR offset to generate tleeessary reactive power, thereby ensuring pov
quality within the grid. The proposed PR controsteyn offered the flexibility to align its individua
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resonant peaks with the grid frequency while infecthe compensated voltage using the DVR-bas
SVT system. An advantage of this approach wa®w®l computational overhead and the absence
a dedicated grid voltage feed-forward control patthe DVR system. For three-phase grid-connect
systems, the PR technique effectively compensatad bbth positive and negative sequenc
components simultaneously, obviating the need feyrechronous reference frame. In contrast, a
controller typically necessitates a synchronousreafce frame to compensate for positive and negat
sequence voltages.

The performance of the system utilizing the PR @dier in conjunction with the DVR system
surpassed that of conventional controllers. Notabiy Total Harmonic Distortion (THD) of the
proposed system was exceptionally low, registeaingist 1.06% during reactive power compensatic
in both the IEEE 13 node test distribution systewm the 11kV Simara Industrial feeder in Nepal.

These results highlight the effectiveness of thiegrated Photovoltaic-DVR system with SVT-base
PR control in maintaining optimal power flow withihe power supply and distribution systems. Th
approach not only enhances power quality but alsotributes to stable and reliable energ
distribution.
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