ABSTRACT

CHANDEL, AYUSH. Transient Analysis of Larg8calePhotovoltaic Plant Interacting with
Active Distribution Loads(Under the direction of Dr. David Lubkeman).

New andreplenishableenergy resources are being tapped by the electric utilities
worldwide Focus on solar photovoltaig®V) to meet thesustainable and ecological
developmental goals has begnowing recently. Prior tointegrating any new energy
resource with the existing systemmntegration studies amequired to beperformed With
unprecedented PV penetration in distribution systerew problems based on their
interaction with modern distribution loadsre being witnessedoy the power system
operatorsOne of these associated probgmthe PV plant interaction with the grid system.

The presenthesiswork thusemphasizesn this interaction problenmn the electric grid

To addresghe problem nodelsconsidered in the study are basedaatual circuit
parametersin addition to the stegdstate and power flow analysidynamic andransient
system impact studieare performed toexaminethe performance and behavior of the
distribution circuit under variousoperating scenarios Problems arising due tsudden
energization of large photovoltaic plant transformers withitigkistrial distribution loads
after an event areonsidered and examineflince, he industrial loaccomprises oimotor
drive systems and programmable logic controlteesefore,activerectifier model based on
DQ theoryfor load modeling is utilizedn the study The controller delay passivity and
instability are important aspects in tlenverter design and areconsidered In power
electronic based systems, stability of the convemtds to besnsuredwhen thereis a
variation of system impedanc€urrent and voltage harmpic analysis of converter load
before and afterthe photovoltaic transformer connectidn the system under studsg
intensivelystudied Subsequently,hie cause and effeets towhy an industrial plantdrive
trips, after the PV transformers are connectedalso deahlwith in the present wotkThe

researclwork explores the feasible solutions to the problafiesenentioned.
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CHAPTER 1

INTRODUCTIONAND RESEARCH OBJECTIVE

A new zenith inelectrical energy consumptiomas touchedjlobally. From Baroque to
Progressiveera to the present day Informatiage focal poinbf global economys energy

and fuel.Post 1900svorld is knownto haveenteed the age of ojlwhich is quite apt. The
critical 6fuel 6, whi ch d r ntyy ecgio dndh econewntice e | 0
developmenbf human civilization requires arevamp This isdue tothe challengeswhich

are presently prevalent in the conventioglaktricalpower systemConsequently, increasing
consumption of conventional fuels to supply gaet energy demands has generated a

resurgence of interest thealternate energy resources.

1.1Drivers for the Photovoltaic Growth

Electricity demand is increasing day by d#yereby causing unbalance in the present grid
system. This results in various causes like Ishddding,unbalance voltage etevhich
ultimately affect the consumer$hus it should be our top priority to set a framework that
could be utilized tomeet theenergy requirements dhe upcoming generations without
exploitation and mahdministration of conventional sources of energy. Considering the
current consumption rate of fossil fuel based energy soumedsthetremendousise in
emission of greenhousegesand the global warmingosng a serious threat to the whole
world. Effects oftheseare quite visiblevith drasticclimatic changes antarshemweathei]1-

2.

In theyear 204, International Energy Agency issuedtatementvhich mentionedhatwith

the development of affordable, more efficient, clean and inexhaustible solar energy
technology, the world shall observe huge kwagn benefits. This will help nations to
address their energy security demands by relying on indigenous, vast, and- import
independent resourceThis in turn shall enhanceenergy security, powerstability,
sustainability,reduce carboifioot print, tackle global warming and maintain the price of
fossil fuek[3].



The world is witnessingan unprecedented growthf photovoltaic(PV) since the last decade
Solar systems are the fastgsbwing renewable energy sourcedich are nowbeing
integrated worldwidewith the distribution systemsGlobal generation capacity of PV is as

given inTablel.1.
Table 1.1 Generation Capacity of PV around the World.

Recent and projected capacity (MWp)
Year-end 2012 2013 2014 2015 2016 2017*
Cumulative 100,504 138,856 178,391 229,300 304,300 389,000
Growth Percent | 43% 38% 28% 29% 32% 28%

* Projected growth rate

With increasing PV penetration levelgeneration by PV plants is becoming comparable to
the existing energy generation sourdesrther thenovel distributedsources are bound to
play a vital role in the quality of supplied power, reliability thfe grid, need of appropriate
resources to transfer -Hirectional power effectively and efficientlyn Figure 1.1, the
projected estimates show that PV system cost per Watt might fall below $1.00 mark by 2020.

Utility Fixed-Tilt PV System Price

Cost per Wdc
o - N w SN (6)}

2009 2010 2011 2012 2013 2015 2016 2017 2018 2019 2020

Year

Figure 1.1 Commercial photovoltaic system pricing i.e. cost per watt over yeaig-5].

Since late19" century, the structure of electric grid hasnostremained consistent and
invariable. The current electric grid was designed to accommodate unidirectional power flow
from a central generation source to the transmission system and eventually to the distribution
feeders. At power delivery level or the disttion end, the system is optimized to carry

power from substation to the loads. With the introduction of distributed energy sources

2



particularly solar PV, there is a paradigm shift in the load flow thectcost modelsAlso

with anincrease in the ovetaéfficiency of photovoltaic plants and lower investment the
basic nature of distribution network is changmgrently With more and more distributed
generators being incorporated in the distribution system the unidirectional power flow is also
changing.The percentage of penetration of renewable sources in the power system is on an
exponential rise especiallplar photovoltaic[5]. Therefore, the current power system must

adapt to the upcoming challenges and should be able to maintain power qualiéydsan

Converselymost of theconventionalistribution system equipment and control components
such as voltage regulatorkyad tap changers (LTCs), and protection systems are not
designed for reverse directional power flow andlibectional fault curents.Consequently,
induction of largescale PV plants inthe electric grid poses serious challenges to
coordination of field devices, excessive modifications in protection schemes, and need of
additional distribution equipment in the systeidowever, withthe introduction of power
electronic controlled devices thgresentpassive electric power system n®w evolving
hugely to an active integrated, interdependent and smart electric grid.

With large scale photovoltaic plants aimdreasingdistributed energy resourcegnetration
in the existing power grid, utilities are facing a lot of issues kafrious challengedlajor
concensarise wherthe connected feeder load equals to the generation vidbdittd energy
resources sal?V. In sud casesmanagingprotectioncoordinationschemesecomea very
serious matterFurthermore, wheafault is encountered nedre PV feedey in orderto save
the panels from damagéhe planthas to beimmediately turned off Such a situation

sometimesnight leadto unforeseen consequendeshe operation of theyrid.

Better guidelines, updated and comprehensive good deabwér system studies and
analysis are essential with the introduction of solar plantse electric gridThereis a great
deal of technical concern when high penetrapbotovoltaics aréntegratedwith the grid,
such as impact on system frequency, voltage regulation, power qualifyretedtion and

coordination.



Consequently, these issues need to be addresshdtdbe grid stability is maintained with
the integration of distributed generatd®d/ integration studiearediscussedn a nutshelin

thesucceeding subection

1.2 Solar Photovoltaics GridIntegration

Electricity generation via photovoltaics is cheterized by their variability and uncertainty.
Integration of large scale PV is henceforth an arduous and difficult task. Utilities are
accommodating improved and efficient forecasting systems with real time data effective
control strategiesTheseplansare improving the operational practices of PV plaftse

report published by I EA International Energ
Local Distribution Gridso in 2014 aptly sumi
countries arounthe globe in context to solar PV penetrati@b]. Based on the casgudy

collection cited above the focus of the utilities around the globe for power system distributed

energy resources (DER) studies is as enlisted below:

Grid Planning : Cost, operatia, viability and expansion

Voltage Drop Analysis : Effects of incorporation of PV plant on system voltage profile
Short Circuit Studies  : Behavior of PV plant and effect on substation during fault
Grid Protection : Coordination of Field IEDs is very acial

Steady State Power FlonSystem lossepower factorand flow of real & reactive power

= =4 4 A4 -4 -2

Power Quality : Stress on voltage flickeirequency, waveform distortion

In addition to the above studies which are carried out pidorthe installation and
commissioning of a new PV power plant utilitigait emphasis on ternahd conditions and
interconnection issued6-10]. Terms and conditions incorporate metering options,
restrictions on size, type of protection system installed, cost of insuranagardion and
maintenance @&M) cost; while interconnection issues highlight more on personal safety
standards, reliability of service and quality of delivered poVitE has published a number

of standardselated to the integration of distributed resouraed their related issues. These

are summarized as below.



1 IEEE 15472003 Standardor interconnecting distributed resources with electric power
systems. The document gives informatiand enlists requirements with respect to
performance, safetgonsiderations, optimum operation, testing and maintenance of the
interconnection. At point of common coupling the criterion and requirements in the
standard are applicable to all distributed energy resources.

1 IEEE Standard 922000is a comprehensive doment which enlists the power quality
concerns to be addressed by the utilities. The standard ratifies the guidelines with respect
to equipment and necessary functions ensuring safe operation of parallel connected
photovoltaic systems.

1 UL Std. 1741covers he safety requirements of inverters, converters, controllers, and
interconnection system equipment required to be used with distributed energy resources.

1 IEEE 519is a guideline to be followed by utilities for system harmoritg. at point of

common couphg the norms are not enforced stringefifly

With the integration of renewable resources with the grajomattentionis given to the
voltage fluctuationsproblems caused due tdhe transients and immediate power drop
scenaria. For this pwer systemimulatortools (PSS or PSLF are extensively utilized to
simulate, analyze and optimize system performaridée electrical transmission networks.
These software tools provigeobabilistic and dynamimodels and hence extensively used

for planning.

Further, leading energy consultingpmpanies recommend following steps to overcome the
PV integratiorchallenges

1 Continuous Regulator addition downstream of the PV Plant

1 Inverters should operate at unity power factor

1 Modern Energy Storage systems shoul@imployed
1 Energy generating sources should be diversified
1

Regular operation and maintenance is necessity.



1.3 Necessity of PMntegration Studies

The above mentionedimulators, planning toolsand recommendationprovide decent
solutionsetsto steady site system performance, voltage drop analysis and cost based system
design studiesBesidesthesestudies there is a hugaeedof extensive and dynamfsystem
ImpactStudies.Thesedeal with the transient and dynamic behavior of the new system being
integrated with the gridThe mportant issues which ateghlighted in Impact Studieare
enlistedunderneath

1 PowerQality andHarmonics Adverse effect on system stability
i Systemimpedance Bhavior  Transient studies with respect to geallt and post fault

conditions and effects at customer end

1 Volt-VAr Control Operations Assessment of reactive power requirement by

asynchronous sources.

1 Frequency Disturbances: Sudden losef generators & Antislanding detection
1 Fault RideThrough Robust protectiorcoordination system

However,lack of proper power electronics and switching models for PV progeetsne of
the biggest hindransdor PV integrationsystem impact studieasnd analysis. The problem
aggravateslue tothe deficiencyof resources and plethora of cases which make dyramic

transient studies time consuming and iterative.

Usually prior to PV system integration power system analysis such as voltage profite, Volt
VAr regulation and protectiorand coordination of electrical equipment aproperly
consideredFurther, thesystem impact studieshich concentrate on transient and harmonic
issuesrequire to begiven priority. As no distribution system isdentical to one @othey
transients can pose problenm one circuitand maynot in the othes. Further, aving to
modernization and ugradation of distribution load with power electronic devices, drives
and constant power loadsansient studies, effect of harmonics atdbility aspectshave
becomevery crucial issues Consequetly, for safe, reliable and quality power delivery
utilities andtransmission distribution service3[S) need to optand adaptbetter norms

regarding harmonics anaansientproblens. Research studies in this arkave therefore



becomeessential A new modified approachs outlined in the flowchart for the PV planning

in Figurel.2.

Generate Gener?te Reformed
Scenarios Alternatives Alternatives

Planning: Impact Studies:
Cost Analysis Dynamic Transients
Completion Deadlines Severe fault
Operation Constraints Postfault scenarios
Volt-VAr Control Stability Analysis
Voltage Profile Monte Carlo Analysis

v

Compile
Data

Introduce Mitigatior
Most Strategy
Appropriate Feasibility

] Improved Planning
DG Location

New Guidelines

Figure 1.2 PV system planning procedure.

Flowchart of the complete process for planning and guidelines for induction of large scale
PV plants with electric grid is shown Kigure1.2. Consequently,here is a need for proper
planning between the transmission and distribution service operators in the presence of DGs.
It is very crucial to improve effective management and to remove associated problems

causing bdteneck issues3]. Some of thesenportant issues are as discussed below:

CostBased Location, Feasibility, Deadlines, Reliability, Steady State Basémltage
Control, Power Quality and Harmonics, Protection and Coordination, Losses

Impact Studies Transients Analysis, Stability Analysilnrush and Power Electronics.

Stability Studies Resonance occurrence between line capacitances and supply inductance
and interaction between leakage inductance and cable inductdrese further deal with
(i) advanced and updated data for distribution system modeling, (ii) improved PV simulation

and hardware tools, (iii) integrated devices and system research, (iv) better sensing
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equipment and upgraded forecasting techniques and (v) consensus has to be meade whi
selecting corner cases and Monte Carlo scenarios.

Therefore more scientific research investment and investigation is the need of the hour. In
addition to the standard power system studies as mentioned above, thorough and extensive
System Impact studieand research related to dynamic analysis and transient studies is

requiredto ascertain the effexof PV on distribution systeirf7-10].

1.4 Literature Review and Background

The case studies and reparfdNational Renewable Energy Laboratory (NRBptished in
January 2013 throw some light on large scale PV installations, where penetration levels were
greater than 15%tanaximum feeder loadQuite often it may occur that tHeV penetration

of large PV plants connected to the distribution system during minimum daytime loading
might even reach 80% 100% range and the PV system power outpay exceed the load

on the substatiorhis necessitates tle®ncers of the utilitieshighlighting problems related

to solar transients, output intermittency, sudden output drops and voltage suppression due to
power losses irthe vicinity of point of interconnection in the study1-14]. Steadystate

voltage profile along the circuit and sinsitization of substation protection relays during

additional power injections are also major causes of concern.

A few research papers related to thgpedance behavior and transient studies offqué
and posfault conditionswith PV grid integratio are reported in the literaturelrherefore,

the sames explored in detail in the research work embodied in the present thesis.

In article entitleddr'ransformer Inrush Curreri$urner et al[15] havementiored andthrow

light on the harmonic analysisf the transformer inrush currents in the offshore power
systems. The interaction of system impedance and shunt capacitarsagsgive low natural

or resonant frequency. When transformer is energized huge inrush currents are drawn, these
currents contai various harmonic components. Even if one of the component is close to the

resonant frequency it might generate sustained overvdliafe



The transformer inrush phenomenwasobservedvay backin late 19" century(1892 and
various experiments were mducted by Flemindo study andmethodology to observe the
phenomenon13]. However, thiscentury old power systemsingularity is still causing
problems in the proper operation of thewgr system equipment Inrush also causes
problems during energizingligh Voltage direct current controlled converter transformers.
Inrush is also observed during power system restoration of HV transmission networks at light
load conditionsQuite often in anndustrial distribution systerwith power factor correction
capador banks,resonance due to th@rmonics present in theansformer inrustcurrentis

alsoexperienced

Subsequently,hie above mentioned studibavefocused more into the analysis of the over
voltages caused by resonance caused by the dnushklof-current (inrush) and system
impedancg14-18]. The inrushtransient currents are almost unidirectional in natlireese
suddenly rise to their maximum value the first half cycle after energizati of the

transformer and are sustained until the steady state magnetization conditions are achieved.

Harmonic producing loads such eariable frequency drives, electric motors and telephone
cables are designed sucha way that these devicds not exde resonanceHowever there

is no such stringentenforcement on the harmonics produced by the Power Transformers.
Furthermore, the harmonicausel due to transformer energizatianeoften neglecteéh the
power system studietEC 600768 discusses transient saturation of transformers and inrush
currents[27]. Thedecay of inrush current heftily depends on the type, construction, and loss
parameter of the power transformer. Larger the transformer with low corevéogdong is

the decayf18]. The percentage of harmonic disturbance caused by the inrush current is far
higher than the existing steady state value which might be well belodeties 3% value.

The harmonic distortion is caubkedue to the severe distortion icurrent and voltas
waveforms. Powequality deteriorates drastically for a prolonged peridv8-23].

During the initial transformer energization the effective impedancewnisrithan its steady
state value which in turn affects the equivalent system impedartdehavioteading to
reduced system resonant frequency. This reduced resonant fregaeneycinity with the

controller bandwidth of thpower electronicircuitsandinteracts with the converter controls
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and power electronic switching devices. The resonantiwonsl and high harmonic content
reducethe stability region of the drive ariduspushes it intdhe unstableregion.This event

causes the drives to behave unexpectedly, leading to increased losses, high harmonic
generation and eventually leads to trigpiof drives. Abrupt loss of industrial drives causes
hefty losses inoutput and affects productivityA comprehensive tabulation of the main
outcomesand the researctocusin some of theelevantworks in the research area under

consideration and repoden literature argresented in Table 1.2.

Table 1.2 Main Outcomes andFocusof someReferred Literature

Ref. Journal/ . Main Outcomes and
Author Year Title
No. Conference Research Focus
Effects of largescale| DESIGEN simulation
J. V. Paatero Renewable | photovoltaic powen method is utilized tq
[14] 2007 ] . -
and P. D. Lund Energy, Elseviel integration on electricity evaluate the effect of larg
distribution networks scale PV installations.
El Chaar Renewable and| Review of development | Various PV technologie
[6] ot al 2011 Sustainable | of photovoltaic are enumerated along wit
| Energy Reviewg technologies an overview.
Im f high PV|F n vol regulati
_ Int. Conf. Clean pact _ 0 g ocus on voltage regulatio
Ari and . penetration on voltage| and performance of P
[9] 2011 Electrical . . ; .
Baghzouz Power regulation in electrica| systems under transie
distribution systems solar insolation.
o IEEE Power & . . Need of_dynamlc @wer
Katiraei and Solar PV integration flow studies and concer
[10] 2011 Energy .
Aguero ' challenges over steady state impac
Magazine

are highlighted.

Smart Energy Impact of high PV| static  voltage stability

N.K.Royand| . . Grid penetration iNtq analysis iscarried out for
H. R. Pota distribution networks distribution networks with

Engineerin . .
9 9 under contingencies PV systems.

[13]

Some of the problems facg
NREL-Case High penetration PV cas( by utilities are enlisted an

Studies report some mitigation technique
suggested.

[11] J.Banketal. | 2013

Case studies and probler
faced in large scale P
plans in different countrie
are reported.

R. Brandlinger IEA- PV Power | C1eCts of high PV
2014 penetration in

[3]
and C.Mayr System Progran i iribution grids

NREL High solar penetration | Power flow and voltage

12 ility Articl 201 . : :
[12] Utility Article 015 Workshop issuesand approaches | issues are raised.
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Research related to the causes and effects of post PV system energization with regards to
voltage, current, harmonic prolife along with its consequence on system impedance is still
wanting. Consegently, the present research focuses on various scenarios when
transformer(s) of a photovoltaic plant is/are energized. Transformer draws a huge inrush
current from the source and thus causes excessive current harmonic injection, voltage
distortion in the dtribution system and very often leads to the tripping of industrial drives in

an adjacent circuitSubsequently, the mainbjective of the present work is to provide
remedial and mitigation strategies to the problems associated to the interconne®@&l PV
system with distribution network in the vicinity of the point of coupling, thereby, preventing

an adverse impact of such an interconnection on the Thelefore, thepresent research

work is an attempt in this direction.

1.5 ResearcHProblem

Transientand inrush impactnalysisis the core focus dftudyin thepresenthesis. Research
highlights the effectand performancef large photovoltaic (PV) transforns) connected
with distribution retwork. The behavior of power converters at thedoand of such
distribution network is recorded, observed and analy?adous £enari® arestudiedwhen
transformefs) of the PV plant is (are) energized Examination of system performance
parameters post abrupt connection of the power transformerheittligtribution grids the
key concerrof the present work

One suchissuein a distribution system is discussed as unBgure 1.3 showssimplified

model of grid connected solar power plant with the distribution grid under consideration. The
first event was a fault down dhe Feeder C, which also feeds the solar farne Monitor is

on the substation bu3he downstream fault at Feeder C is picked up by the intelligent
electronic device of solar power plant and Feeder C relays, which in turn disconnects the
power plant from the gridduring the fault theecloserD opers the solar farmFault current

as well as Feeder B load is fédoughthe substation. Voltage sag and rise in current level is
observed at the substation monitor, this is verified by the field measurermbetdault
duration is about 278 miieconds.
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Figure 1.3 Simplified circuit diagram of distribution system.
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After fault is cleared the downstream link of Feedegr@rgizes again. The industrial plant
experienced this entire eveahd rode through the events witle problemsNearly after
three minutes the Solar Fatimbroughton-line. The recloser D closeandsuddenly after a

few cycles the servos, programmable logic controllers and drives at industrial plant trip

The various reearch objectives identifieand dealwith to accomplish the above defined

research problem are enumerated as follows:

Prefault and posfault transient studies

Inrush studies of transformers

Multiple transformers online simultaneously and energsazlientially

Single transformers with controlled rectifier load with and without capacitor. bank

Multiple transformers with controlled rectifier load with and without capacitor .bank

= =4 4 A -4 -2

Comparative analysis using different simulation environments

A concise tabulation of the main outcomesd the researchhallengesin some of the

relevant research worksported in literaturen this area are presentedTiable 1.3
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Table 1.3 Research Objectives andDutcomesof someReferred Literature

Ref. Authors Source, Research Objectives Main Outcomes
No. Year
To observe and investigate any inr Eleven different experiment
[16] | J. A. Fleming JIEE current  and .the b_eha.vior (devised to ob
1892 | transformers during energization. currenté phe
transformers.
The effects and influence ( Effects of inrush on equipmen
AIEE transformer magnetizing inrush currer; phrenomenon of inrush an
[25] | Blumeetal. 1944 on system operation are presented| overview to the methods ¢
this article. reducing inrush problem ar
examined.
IEEE System stability can be studied | The methodology proposed
[34] | Middlebrook | IASAM | analyzing the equivalent syste| limited to DCnetworks but can
1976 network impedance. be extended to AC networks.
IEEE The overvoltages caused.by thg ian Trgnsformer model is reporte
[17] Povh and TPAS current of transformer during switchir] which takes into account th
Schultz 1978 | @€ considered. harmonics generated during
energization.
The concerns of overoltages on| The cause of prolonged hig
IEEE industrial power systems durin voltages at the load end due
[22] Witte et al. TIA transformer energization an system resonances
1994 resonances caused by inrush transi¢ elaborated.
are raised in the paper.
Marta IEEE Instability issues caused by consti The cause of instability i
[28] Molinaset al ISIE power loads in AC distribution system| proposed to be negatiy
' 2008 incremental resiance by CPL.
\EEE The effects of transformer inrus Temporary ovgwoltaggs
[15] Turner and IAM currents on offshore systems & noticed due to interactio
Smith 2010 discussed. between harmonics and lo
system resonances.
Using theory of passivity, improve| Electrical resonance an
[38] Harnefors IEEE | controller design method is proposed,| instability issue in VSC arg
etal. TIE2015 | make input admittance of a gri¢ verified experimentally.
connected VSC passive.
Lissandron IEEE Smaltsignal stability analysis of singlg Stability criterion based o
[36] ot al JESTPE | phase interconnected power syste dynamic phasor approaq
' 2016 | with grid-feeding inverters. presented.
Converter input admittance used | Instability in converters s
understandhe interaction of switching observed due to LC admittan
Awal and ECCE .
[35] ) components with system. Based | resonance of VSC.
Husain 2017

passivity analysis, design of stah

controllers.
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It is inferred fromTable 1.3 that transient analysis and inrustudes of transformersare

given due attention by numerous researchers since quite long time. This study in the present
context where the large photovoltsiare being installed in thdistribution networkhas
become significantlymportantand therefore nesdo be properly addresseThe cause of
tripping of electrical drives at industrial plant due to inrush harmonics, system impedance
variation and power electronic converter behavior based on theory of paasatiéken up

in thepresat thesis.

1.6 Organization of the Thesis

The present research work is divided into various chafwemnneticulous presentation and
understandingwhich are organized as followBhe present Gapter 1 introducethe topic of

the thesisThe growth and imgprtance of solar photovoltaic is highlighte review of the

work reported in literature is provided. The various methods and issues in photovoltaic

integratedpowersystem are highlighted he research objective is identified.

In Chapter 2, the test cuit and distribution system modeling is presented. dhegter
outlines the design parameters of the system in different software platforms. Chapter 3 deals
with distribution circuit analysis. Thehapter focuses on the steady state analysis of the
distribution system. Effective circuit models are designed using psystem softwareand
henceforth an equivalent model is createdsf@tem impact studies.

The simulative experimental results and their discussion for transient system impact studies
on loadsare presentedn Chapter 4 The main conclusions drawn and recommendations
from the pesent thesis are presented ima@ter 5.The future scope of the mmrch work is

alsoidentified.
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CHAPTER 2

TEST CIRCUIT AND DIBRIBUTION SYSTEM MODELING

Motivation and research problem of the work carreed in this thesisare discussedn
Chapterl. In the presenthapter, the test circuit and the distribution system maufeise
work accomplished@re dealwith andpresentedn detail. Different softwaresand toolsviz.
Milsoft-WindMil, PSCAD, MATLAB and PLECSare used to determine the practical

outcomes of theest systems under consideratamddiscussed in this chapter

2.1 Substation Data
Substation data are important when integration of a renewable resource has to be studied.
The substation source data of the system mentioned in Figure 2.1 are presented in Table 2.1.

Thesubstation impedanatata arggiven in Table 2.2.

Substation \_A_LM

Transformer |
Bus Monitor
Substation

Bus

| Feeder 2 | Feeder 1

)Break&r )Breaker
PV Industrial
) Breaker Feeder
Secondary
Feeder PV Feeder 1

)

o
Industrial
Photovoltiac

Plant
Plant

Figure 2.1 Single line diagram of the distribution system under consideration.
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Table 2.1 Substation Source Data

Nominal Voltage

22.86kV (line-line)

Source Voltage

24 kV (lineline)

System Frequency

60 Hertz

Number of feeders

2

Connection Type

Star Connection with neutral grounded

Table 2.2 Substation ImpedanceData

Source Equivalentimpedance

Substation Bus Voltage | 24kV
R iX

Z1 0.49363(ohms) 3.46349(ohms)
Z0 0.4009(ohms) 3.04589(ohms)
Substation MVA Base | 100MVA

Z1 0.0857(Per Unit) 0.6013(Per Unit)
Z0 0.0696(Per Unit) 0.5288(Per Unit)
Fault Type 3t Phase Fault 1-+ Phase Fault

3961 (Amps) 4128(Amps)

To study the problem #aree phase voltage source modethe system shown in Figure 2.1

is modded in PSCAD. Impedance source BSR||L type Basevoltage for this system is
22.86 kV rmsline toline. Input time constant is considered as 0.05 seconds. Positive and
zero sequence impedance are thus defined based on field walugisenin Table 2.2.

Voltage atthe substation is regulated at 24 kV.

Sourceimpedancematrix of the distribution system under consideratioa.is
Where,
Z =R +jX
M oA CT TBIOP AP oW TBIOP AP 0 W
MBoP AP oW o ADCT TBIOP AP 0 W
Top AP oW TMIoPp AP oW Qo@D C T
Sourceimpedance mtrix is obtained by entering thibstation data in WindMilwhich
generates 3x3 impedance and athmce matrixes agivenabove.The substation impedanc

is in ohms.
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2.20verhead Line Modeling

The main overhead conductors in the systdamg with their ampacityare givenin Table
2.3. Effectivelengthof the overhead feedef®m substation to industrial load is 2.3 km and
from substation source tsolar photovoltaic jantis 0.11 km.lt is seen thathte PV pant is in
close vicinity to the substatiomable2.3, provides detail of thdistributionlines. Appropriate

tower construction for 30 feet verdicpole is used ithemodeling.

Table 2.3 Main Conductors in the Distribution Circuit

Sr.No. Conductor Type Nominal Ampacity
1 477 KCMIL AAC 640 Amps
2 #4/0 AWG ACSR 365 Amps
3 #1/0 AWG ACSR 240 Amps
4 #2 AWG AAAC 191 Amps
5 #4 AWG ACSR 140 Amps

Table 2.4 Detail of Distribution Feeders

Total Number oDistribution Feeder Sections 11
Total Distribution Feedetength(Feeden®) 23403.8 feet
Total Distribution Feeder Length (Feedé) 2 11072.0 feet

The Bergeronmodel fordistributionlinesis considered and is based on the distributed LC
parameter travelling wave line model. The @) sectionsrepresenting L and C are
distributed throughoute line. Model is approximate to infinite number ofections except

the resistance is modeled as a lumped parameter with 50% at the middle and 25% at each end

of the line.

To have more numerically intensive line modétsquency(or phase) dpendentmodd can
be utilized.However,for thesystem under consideratiomthe present studyhe line length
is not very large Therefore,multiple small sectionan Bergeronmodel provide decently
accurate valuesWhile in PLECS modelingthe ©~ section model g9 utilized for faster

simulation rus.
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2.3 Transformer Model
For a thregphase transformer the peak magnitude efatymmetricinrush current can be
more than ten times the rated line current. The following factors shape the magnitude and
duration of tharansient inrush curremt a transformer:
(i)  The circuit impedance from the source to the transfarmer
(i)  The switching angle or the point on voltage wave at the transformer energization
(i) Thenonlinearmagnetic saturation of the transformer core, its size and .shape

(iv) The value and sign of the residual flux linkage

The first two factors mentioned above are dependent on circuit interconnections and
switching arrangemen{21]. When a transformer is démegized, both the voltage and
current values decay to zero. However, the core flux retains a specific value. This retention of

residual fluxis termed as remanencz].

L1 R1 ni n2 R2 L2
o YV [} [ H"""%—o0
. . o .
LV Side @) > % |/ ,@ Isat H Rmag 3 g HV Side
Saturation
(o O
Ideal
Transformer

Figure 2.2 EMTP model for a singlephase transformer.

When a large power transformer is energized, a high magnitude of inrush current flows. This
current can be resolved into harmonics and a DC component. The inrush current is rich in
second, third, fourth and fift harmonics in addition to a DC offsg25]. The electro-
magnetic transientsprogram (EMTP) model for a singjghase transformer is shown in

Figure2.2.
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Figure 2.3 B-H curve of magnetic material and peaky transformer magnetization current.

B-H curve of magnetic material and peaky transformer magnetization current are depicted in

Figure 2.3. Unified Magnetic Equivalent Circuit (UMEC) based transformer model is

considered in thpresenstudy. The UMEC transformer model focuses more on the magnetic

coupling between winding of different phases along with coupling between the winding of

the same phase. The nbmearity of the transformer cotie defined by the pieewise linear

voltagecurrent (V-I) curve, which models the equivalent branch conductaRee. unit

voltagecurrent characteristics for saturation of transformer core are shown in Figure 2.4.

[26]. Furthermore, the interpolatioalgorithm is usedfor calculationso asto improve

accuracy.

V-1 Curve to model saturation of transformer core

051

-0.5

Voltage in Per Unit (proportional to phi)

-1 -0.5 0 0.5 1 L5

Current in per unit

Figure 2.4 The per unit voltage-current characteristics for saturation of transformer core.
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The base currentglsd and base phasg ( aregiven by eg. (2.1) and (2.2) respectively.

These areomputedrom Figure 2.4 as

) — g (2.1)

) B ME v o@!

B — WU (2.2)
PR Y. —

B h o nl/lc T ®

From Figure 2.4 it is found thaiakeis 535.8A ands is 49.5.

2.3.1 Computations and Observations

Both highvoltage (HV) and low voltage (LV) base impedance, side leakage inductance, no
load loss and full load loss for two different transformers nameh201IZBMVA and 2MVA

transformers are computed and presented[R2&te
A. (1520-25) MVA Transformer

For a 1520-25 MVA transformer the high voltage liAdee voltage is 22.86 kV (Star). The
low voltage lineline voltage is 480 volts (Delta). The HV and LV base impedance are given
by (2.3) and (2.4).

Zbase HV side (2.3)

8

c®oy

ZbaselV side (2.4)

— TBIPULOOY
Leakage Inductance per unit T Qb ¢ Qdp ™

HV side leakage inductance———— (2.5)
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co®o
—T@“ k. LpuB,T pmt O0Qei QQI

¢ omn
LV side leakage inductance—=——— (2.6)
TgipuL O
T[Ep“ P (TPSI)( prt0Qei QQi
¢ omn

Winding Resistance per unit T8t T Qé ¢ LI b
- Yo Q%‘ ¢

Therefore it is computed that,
No Load Loss (per unit)y ¢ p 1 D @and
Full Load Loss x(pam®&unit at 75 C)

B. 2 MVA Transformer

For 2 MVA transformer, HV lindine voltage = 22.86 kV (Star) and LV lidme voltageis
480Volts (Delta). Using eg$2.3) to (2.6) gives:

Zbase HV side 8 ooy

Zbase LV side TBIpULOQ
Leakage Inductance per unit 1@t v WXQd & WS P
Winding Resistance per unit T8t T UNXQ0 ¢ QO™ X
Yool p Y

Hence it is computed that,

No Load Loss p& v p mt B A@I Har@d

Full Loa@) 8w p m([xH &.Q0
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2.4Load Models

In thepresenstudy, the industriaplant and associated distributiepstemloads aremodeled
asconstant power loads (CPLs) atmimbination of constant power load$ie major share of
the aggregated load at Feeder B is considered to be due to the variable freapency
controlled motor drivesf the industrial plantThe total load aindustrial plant is 1IMVA

with nearly 0.9 power factor lagging.

Currentmodern power delivery systems aménessing unprecedented emphasis on safety,
reliability, effective controllability and strict power quality regulatiodth advancement in
power dectronics and switching devices active front ends are becoming part and parcel of
AC distribution grids. These controlled loads with power electronic interface to the grid act

asconstant power loads for a wide frequency rar2ge2p].

Furthermorethe phenomenon of negative incremental resistance dubetarge shareof
constant power loads power gridcan lead to system instabilityrhis is predominant
especially during trasient andvoltage disturbance3he ratio of small voltage change over

smallchange in current is known agputresistance denoted IR¢p,.
. y

0 0 - 0 ML — 2.9)

— — - — -y (2.9)

In PLECS simulatiosa voltage activéboostrectifier is considered at the load end. As the

transformer(s) is/are connectdide transient effect on the drive is observed.
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2.4.1Active Rectifier Model Based on DQ Theory

The euivalent circuit ofathreephase boost rectifies presented in this stdection.A three
phase voltage source PWM boost rectifiershown in Figure 2.5. Source voltages are
denoted bye,, &, ande. and the input currents are denotedihy,, andic. L andR are the

inductor and parasitic resistance of the synchronous induattive system

Pin Pl Pr Pt

I’j@ IGBTP'”:? IGWH@ 1GBTS

ib

Pdc

idc-->

ic

ea

|
|
|
|
|
|
|
|
|
|
.
HA =
|
|
|
|
|
|
|
|
I

LR

Load

LR

I+

a= Dy«

Vbn

3ph_ Source LR

ec

Ven

ql(l‘}k 1672+ (}k ma;ql(é 1GeTe

Figure 2.5 Structure of a three phase ac to dc PWM boost rectifier.
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Differential equations fotherectifier inthesynchronous reference frame greenbelow:

b— Y Q@ 1 0 Q Q U (2.10
0— Y Q@ 1 0 Q 0 (2.11)
58— -1/ T Q (2.12)

In eqs (2.10) to (212), ey, & andiy, iq are input voltages and currentstire synchronous

reference frame. Herpy andpg are the switching functions anglandvy are control inputs.
0 n —we n —NQ — (2.13

On multiplying equation(2.12) by v4con boththe sides and substituting values fromuatjon
(2.13), this leads to:
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58 0 — — -0 Qv O (2.14)

Equation (2.14 is power balance equation between the dc side and the acTside.

equivalent circuit shown ifrigure2.6 can be obtained from the above equations.

(3/2)*R (3/2)*L (3/2)*L (3/2)*R
—_ 1 A AN -
id --> iq-->

Gyved () v Gryrwia (3) - (OF GrywiLri

(3/2)*vd (3/2)*vq

- + - ‘ +
AN o °
Y Y Y )y [-yw.
1]
|
- Vde + C

1
—_

Rdc

+

Figure 2.6 Equivalent circuit in synchronous frame.

A feedforward decoupling controllas utilized in the model. Decoupling can be achieved by
nullifying the effects of currentontrolled dependent voltage sources by appropriately
adjusting control inputs which are showrFigure2.6.

0 0 0 0 0 Q
o v v Mo b . (219
Substituting egation(2.15) ac side differential equatioms equation(2.10) results in

b— Y Q@ Q 0 (2.16)
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0— Y Q 0 (2.17)
The DC side differential equatis obtainedafter substituting agption (2.15) into equation
(2.14) gives,

58 0 — — -0 Q0 (2.18

The rectifier under consideration is consider&a be running at unity power factorhis
makesthe average value of;ito bezera Thus component due g, X iqis considered aa
small disturbance in-dxis.

Hence egation(2.18) becomes

0O VL — — -0 Q (2.19
(3/2)*R (3/2)*L (3/2)*L  (3/2)*R
— N [T
iq-->
3/2)*ed
(3/2)*e (3/2;\{]2
A
I
- vdc +
|l
1+ C
]

Figure 2.7 Equivalent circuit in synchronous frame after decoupling.

The euivalent circuit inthe synchronous frame after decoupling is providedrigure 2.7.

Equations(2.16) to (219) can be rearranged slightly to give the following set of differential
expressions

b— Y Q@ Q -1 0 (2.20)
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6§ — — -1/ Q (2.21)

Equations(2.20) and (221) definethe d-axis second order ndimear modelresponsible for
power deliveryand equation (2.22) definesagis first order linear model for reactive power

control or power factor regulation [30
0— Y Q 0 (2.22

The transfer function can henceforth be evaluasdelow:

— (2.23
~ 9 Y O (2.24)
~ 0 Y © (2.25)

® ¢i'YO 8i ¢YO Ui obg 006 YO W b YOi @ 0YO (226

where,R; is the inductor parasitic resistantas input inductorR is the output resistof; is
output capacitornyg is voltage in d axid)q denotes switching function inakis[31].

(3/2)*R, (3;’2)'*!: ~y D
- L1 .
(3/2)*ed id > idc-->
<+> (3/4)*pd2*vdc |+ od
- p— c
S d
(3/2)*vdl <T> CDBH}"'de"id Ve

Figure 2.8 Equivalent circuit of AC to DC converter.
From Figure 2.8 the similarities between a DBC boost rectifier and ADC converter
under consideration can be clearly not€de pant transfer functions given by eqation

(2.27) for current loop based dheaboveexpressions.

o 8 8 8 (2.27)
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Based on the above transfer functioontroller designs carried out using MATLA 2017®
SISO Tool keeping current loop bandwidth around (Iyi the basic switching frequency

i.e. 10 kHz.
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Figure 2.9 Bode plot of plant id/dd. Figure 2.10 Nyquist plot and system response of

the plant.
Figure 2.9 shows the open loop plant transfer functimheretwo zeros and three poles can

be clearly identified thru the picturBigure2.10 shows the Nyquist plot and step response of

the system under consideration.
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Figure 2.11 Bode plot of closed loop current

transfer function.
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Figure 2.12 Nyquist Plot and step response of the
controlled system under consideration.

Figure2.11 shows the bode plot dfe closed loop current transfer functiorhé bandwidth

of the current loop is 1050 Hz which approximatelyone tenth of the switching frequency.

Step response of the system is showhRigure2.12. The time constant for step response of
closed loop is 1.4710* seconds. The value of integral stemt is 2960 and the value of the

proportional constant is 9.4 for PI controller.

Similarly for the outer voltage loop the transfer function can be deffinad the above

equationsasgiven in (2.28).

(2.29)
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Figure 2.13Bode plot of voltage loop transfer Figure 2.14 Nyquist and Step response of the
function. voltage loop.

Figure 2.13 showsBode plot of voltage loop transfer functiomhile Figure 2.14 givesthe

Nyquist and step responskhe outer voltage loop controls the DC bus voltage of the output
capacitor and hence the outer loop of the system can be slower than the inner current control
loop. Bode plot of theclosed voltage loop is shown Figure 2.15 and Figure 2.16. The
bandwidth of closed loop voltagsntroller is 203 rad/sec and the time constant for step
response is¥10° seconds. In practice outer voltage loops are quite slower than the inner

current control circuit.
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Figure 2.15Bode plot of closed loop for voltage  Figure 2.16 Nyquist and Step response of the
control. closed loop.

Figure 2.17to Figure 2.19show the control circuit employed for active voltage controlled
boost rectifier. Converter side inductor curssate utilized to control theonverter which is

shown inFigure 2.17 The control loops are shown Figure 2.18 with respectivePI

controllas.
i D] o1 = S
Ts: Ts Id

A

wt > 30nSRRF2

i » ZOH Gainll
Ts: Ts K: sqrt(3/2) ==
Figure 2.17 Circuit to convert inductor current Figure 2.18 Control loops where outer oneis for
from abc to dq frame. voltage and innerfor current .

Figure 2.19 illustrates the generation of gate pulses from the generated control sipmals
incorporate the controller delagd t r anspor t del airyréd bojlisaddedin(l hi g h |
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the circuit. Active rectifier also models the delay in the control cirdait more realistic

modeling[32].
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Figure 2.19 Control circuit showing control delay block and PWM signal generator

2.4.2Interaction of Controlled Voltage SourcelLoads with System Impedance

Current controlled voltage source convert@fSCs) have become a part and parcel of our
electric power systems. VSCs in distributed energy sources, activeefrdndrives,
advanced active power filteemnd HVDC systems ka become the new norm. These new
power electronic loads might not only behave as constant power, lmaidalso introduce
severe notlinearity in the system. Ensuing stable converter operations throughout system
disturbances is one dhe major challengdaced by these power electroniciveés and

converters.

The major problems due to harmonics and converter interacteme ghlighted by

Mollerstedt and Bernhardsson in theirr t i cl @utt idfl edomt r ol because
which gave an insight about disruption of locomotive services in Switzerland" dkp#l

1995 B3]. Thus to ensure safe operation of power electrdydsed systems, stability of the

converter needs to be safeguarded when there is variation of system impesizeesa by

the converter.

For large system analysigliddlebroolés impedance criterioextensionf34] for AC systems
is extensively usetb offer feasibleand definitivesolutions Small signal stability conditions
can be effectively obtained by the impada criterion But to predictthe behavior ofthe

converter undewrarying and uncertain impedandeequency domain passivity analysis is
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required.Most of the utility power electronic applications utilize inner current loop which is
fast and an outer slower voltage loop to regulate the DClbasir model the converter side

current of the voltage source boost rectifsstonsidered to be controlled

| ¥

¥

Controller Converter
He(s)

iref Vm
a(?_» Fe(s) —»é)—» e 1/Vie Vi ——{ZF— 1sL

A

Figure 2.20 The equivalent model ofpower stage with linear controller.

In Figure 2.20 the portion highlighted in pink color is the controller section Hrallight

green section ishe power converter stage. Terl(s) is the linear controller in stationary
frame and delay caed due to control circuit is denoted by. TGenerally aggregate
controller time delay can be approximated as one to one and half switching cycles. In the
present studyhevalue of T is considered as 1 switching cycléhe small signal response of
contrd to output signalis given byequation (2.29) and G(s) the transfer function of the

power stage of the converter byuatjon(2.30).

Yi O 80i & (2.29

"Oi (2.30

where,L,q = Lo+Lg is effective grid impedance as seen by the convetete thatl, is the
grid side inductor of LCL filterL4 is the grid inductancel., is converter side inductor of
LCL input filter andC; is the capacitor of LCL filterEffective modeling of equivalent grid
impedance is a laborious tadk conventionalfrequencydomain analysis is used tbtain

the grid impedance then for every variation in system conditions the grid impedance
required to be recalculatediteratively. Thus an analytical method to predict stability
regardless of impedance changes as perceived by the convessensial36].

The current injected by the VSC into the grid camiven by following equation
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N Y Q& 0 (2.31)

N - (2.32)

where Ty is the closed loop reference to output response, Whiles the equivalent

admittance at PCC by VSQf He = O, thenY;c.can be decomposed in two parig andYia

A e —
L L, Zg
2 Zy .
T]_C(S).iref TlC(S)-lref Yl (S) +
= Q @ T T S
O[] = (N0, : "
Yi(s) Y1)
Figure 2.21 Approximate equivalent circuit Figure 2.22 Converter impedance segregated in
diagram of the VSC. separateparts.
Zg,eq
TlC(s)-iref CD
o
CT) [] YlC(S) Vg -

Figure 2.23 Circuit diagram of VSC with equivalent grid impedance.

An approximate equivalent circuit diagram of the VSC is sedrigare 2.21. Figure 2.22

shows that theanverter impedancis segregated in separate pafsom Figure2.23, i, in

terms of grid voltage cabe determined. From equati{th34) it can be stated that the ratio

of VSC admittance and equivalent gadmittance as seen by the converter at the point of
common coupling (PCC) is the determining factor for stability of the system. Thus extending
the Middlebrookds stability assessment crit e
phase AC systems.
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Q : 0 O (2.38)

In frequency dominant passivittheory the grid impedance can be considered as an
amalgamation of electrical passive components such as inductors, resistargpacitors.
This guarantees the passivity @fuivalent grid admittanc¥;eqs). On the other hand as
voltage source converter is an actively controtiledice andffers non-passive admittance.
From stability point of view it is very crucial to maintain passivity of VSC in lieu of grid
impedance variationst is an impractical goal to attapassive converter admittance over all

frequency range faan activevSC.

Moreover, from egation (2.33 the admittance of VSC can be separated in passive
component that i¥1,(s) and a nofpassive admittance componeit(s). Active controller
transfer functiorand delayare associated witlhe nonpassive admittance componeBased

on passivity analysis when the grid admittaiYge, shows capacitive naturig couples with

Y1 andcausesa parallel LC resonancéf the resonant point lies in the npassive region,
the resonance is amplified because of negative resistanGg[86-38]. In such a condition

the power system becomes unstable. Therefore the operation of the hgsteémnben the

passive region.

2.5 Summary

In this chaptey model descriptios for overhead linespower transformes and load of a
distribution systemare presented.The ative rectifier model based on DQ theory is
discussedlt is seen thatantroller delay and instability are important aspectthasystem
design.In power electronic based systems, stability of the converter neduks protected
when there is variation of system impedance. These issadsaltwith in this chapterThe
nexttwo chaptergdealwith the simulation results of theystemunderconsideratioralong

with their implications
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CHAPTER 3

DISTRIBUTION CIRCUITANALYSIS

The distribution power system consideredthe present work is based @ctual field
parametersA single-line diagram of the test system under study is givefignre3.1. The
distribution systenhastwo main feedes and a lateral feeder connecting the PV plditte
total system load i46 MVA with 0.875power factorlagging This loadis supplied from a
PV system andub-station sourceDuring peak generation via PV plant, solar penetration

exceeds 100% in the distribution systdrhe results obtained by various simwatanalyses

are presented in this chapter.

3.1 Reduced Circuit Modeling andPower Flow Analysis

The nodl reduction ofthe main distribution circuit was carried ousing CymeDist v5.04

[39]. The effectively reduced circuit with designated parameters is used to analyze the nature,
performance and behavioral responBee £hematicin Figure 3.1, shows the distribution
model designed in MilsofVindMil. Load locations are depicted at various nodésnode

N2-5 the industrial plant ismodeled Power Flow studiemnd sha circuit analysisare
carried out using MilsofWindMil [40]. The PV plant generation is varied from 0 to 20
MVA at unity power factoand isconnected to substation via overad line OH43.
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Figure 3.1 Distribution circuit schematic designed in MilsoftWindMil .
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3.1.1Distribution Circuit Power How

Figure 3.2 shows the variation dfne current fran the substation to the industrial plarit

can be clearly inferred from the graph that most of the required load current is fed through

the photovoltaic plantigure 3.3 shows the votige profile. In thigplot a slight overvoltage

is recorded. This voltage is due to the PV plant.
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Figure 3.2 Current profile from substation to Figure 3.3 Voltage Profile from substation source to

Industrial Plant.

the Industrial Plant.

From Table 3.1, it is seen that as PV generation increases, the losses increase exponentially.

It is seen that when solar powggneration touches 14 MVA the system load becomes nearly

equal to the power generated by the solar power plant.

Table 3.1 PV Generation and the Associated Losses

Sr.Na PV Generation Source V Load kw kVAr
(MVA) Thru Amps(--A) | 120 basdt -A) | Losses Losses
1 0 3A 124.11 72 202
2 1 310 124.11 71 205
3 5 213 124.20 75 310
4 10 92 124.21 93 654
5 15 -30 124.22 125 1233
6 20 -150 124.23 171 2048
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When photovoltaicgenerationis more than 14 MWpnjection of power back into the

substation sourcekes place

This is explicitly seenfrom Table 3.1 Figure 3.4shows that system losses increase

exponentially with rise in PV generation.

200

2000

a System kW Losses o System kVAr Losses
(]
2 2
o 1500
= 150 | S
qE) < 1000
@ 100 | g
n © 500

n

50 l 1 1 ! 0 1 1 1
0 5 10 15 20 0 5 10 15 20

PV Generation (MVA) PV Generation (MVA)
(@) (b)

Figure 3.4 System losses witlPV generation (a) inkWs and (b) inkVAr.

3.1.2 Short Circuit Analysis

Various fault scenarios are consideredi@ades N15 and N34 which aredownstream to the
PV connected feeddgpwards the left hand side of the stdiion source ashown in the
Figure 3.5 The analysis underneath shows that the fault occurs in between nefleariil

N1-4. The fault analysis results obtained have been enlisted in the Table 3.2.
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Figure 3.5 Circuit Schematic shows the fault flow results for fault at N15.

While performing the short circuit studies WindMil ignores the connected load and
secondary generators. The values of fault currents enlistédbile 3.2 denote the value of

current fromsubstation source during various fault scenarios.

Table 3.2 Faults and the Corresponding Voltages and Currents

Sr. No. | Node Fault Voltage Src (120V Base) Thru Amps (Src)
1 LG (¢-A) 47.7 Volts 1948 Amps
2 N1-4 | LL («-AB) 63.6Volts 2080 Amps
3 LLL 316 Volts 2387 Amps
4 LG (¢-A) 71.0 Volts 1178 Amps
5 N1-5| LL («-AB) 73.8 Volts 148 Amps
6 LLL 54.7 Volts 1664 Amps

Based on the available field resuitscan be saidhat the fault is $hase fault and peak
phaseA current as seen by the substation monitor is nearly 3000 Adsgsmingthatload
current and $hasefault current superimpose on each other, approximate peak current

O can be omputeadusingequation(3.1),
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0 NG ommp@@Tgx@®0ani (3.1)
Thus tie value ol eaka is in close vicinity of the field current. Moreovéxased on the above

calculationgt canalsobe stated that the PV plant is not generating during this scenario.

3.2Transformer Inrush Transient Analysis

Power system computer aided desi@@SCAD™) is extensively used in power system
studies. In the present analysis sinatibn investigatiorof transformers using PSCAN is
carried outand the results present@dll]. Two case areconsidered in this simulationn
case 1 arequivalentsingle15-20-25 MVA transformer(which is a large sized transformer)
and in the second caseultiple 2MVA transformers(which are smaller than the one
considered in case 1) are used in the madebserveand assedbe differences between the
inrush current and voltage waveformaused by the switching of these transformers in the

distribution system

3.21 Case A: 20MVA Transformer

A 1520-25 MVA transformerenergizatioris consideredn this cag study The transformer
has nominal rating of 15 MVA with overload rating of 20 and 25 M¥#&gure 3.6 presents
the distribution circuit schematic designed using PSEABigure 3.7shows the current and
voltage waveforms ahe substation sourcéd=igure 3.8 provides the inrush current observed

during energization adhe PV plant transformer.
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Figure 3.7 Current and voltage waveforms at
transformer is reenergizd at 1.5 seconds. The current is unidirectional which can be clearly

It is inferred fromFigure 3.7 and Figure 3.8 that high inrush current is observed when the
visualized fromFigure 3.8. This sudden inrush current distorts the voltage Wave Peak

In this case nine transformers of 2MVA arensideredas shown irFigure 3.9 These are

energized sequentiallyFigure 3.10shows the sequential tuom of 2 MVA transformers.

value of inrush current as observed from the simulation is 1.25 kAmps.
3.2.2 Case B: 2 MVA Nine Transformers Energized Sequentially
Figure 3.11shows the increasing inrush current as the transformersturn



Soup
¢ Saup
M g S

. Soup -l':

TEgquEnCy and
Mecrs remnent

Increniental Phese "—6—)1"_'
Soup

0
ks
4 [MVAR]

;i

apmw |

Wi
4
\‘1?(.\'2
i
et

Cemisul 2170
(e 520

P= 8741
Q=473

W= 2305
—= A
=%

T
36 [MVAR]

%

0045 [MVAR]

Q001 [MW]

QDOIELF [T
012913 [MvAR]

OH_24_27

umec
= w2251 —

- : BAK
Q0003 TN
i - 02601 [MvAR]
1

= w2251 —

3
|

[}
E
OHZE 2 OH 24 25
H24
H_2 26
e
s #liLe2
ﬂ
=]

-
[s]

Bax_pvaA
674227005 [MW)
0235 [MWAR]

a4 [Mw]

LAt B
CHSCIW
—
=

]
[

1
e

il i}
Q2 [MVAR]
2
B

e
28
iz
o

1
=
=
-

.

2

2
B2
z

0173 [MAR]

1
=
=
-

L
1)
BAx_Pys
-0001005 [MW) -
-0.1529 [MUAR]

e
=
-

_
)
BN Pya
0001283 [MW)
-0.1393 [MUAR]

W]

]
M=
L

]
M=
L

T

I

I

I

I
i
;t;l:_

I

04 [MAR]

a

=
*l
T

o

W]

= e =,
E ) NL1FENZ M
—- z, i L 2 e rio=
z & w e L5 £
=~ ]
= e g ~
g4 N2ILNL z ==
= L=l NS i
= [T=7]

055 [MVAR]
L

42

Figure 3.9 Circuit diagram of distribution system under consideration.
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Delay of 2 cycless kept between start of the next transformecreasing inrush current is
observed as transformers tton as seen ifrigure 3.11, wherethe peak value of inrush
current is nearly 850 Amp€ompaing and correlating the simulation results obtained from
PSCAD with the available substation waveforritiscan be inferred that that @5-20-25
MVA) transformerconnects the PVystem with distribution grid. Consequentiyiore focus

on studies based o MVA transformerat the PV plant sides considered in the subsequent

chapter

3.23 Impedance Mapping from Industrial Side

Impedane mapping is carried out iNSEAD using the harmonic impedance component
toolbox which plots system harmonic impedance verses defined maximum frequency. The
output file is imported in MATLAB and impedangiase plotarrecreated.
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Figure 3.12 Impedance mapping via industrial sick.

From Figure3.12 it can be seen that the impedance analyzer is connected at phaseeA of
load terminal. Impedance mapping is carried out for wariaput inductaces as highlighted
in theabovefigure. This equivalent impedance would be seen byldhd rectifierconverter
during its operationFigure3.13 shows the variation of system impedance for multiple values

of rectifier input filter inductor.
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Figure 3.13PhaseA System impedance as sedrom rectifier.

It is seen fromFigure 3.13 that for lower values of filter inductors the resonant point shifts
from lower frequency to higher frequenddithin the frequency range of 1200 Hz to 2000
Hz, the behavior of system impedance is capacitive in nafltlie. capacitive nature of
system impedace introduces a pole in the admittance part of thetegecurrent by VSC in
the grid ecuation(2.33 defines its behavioihe pole has a negative real part which behaves
as negative resistance in the circuit. Thus, any harmonics and disturbancesavehich
introduced in the system tend to resonate and amply.a particular point due to the
capacitive nature of impedance, high frequency resonance is ohsehield is as reported

in [36].

3.24 Impedance Mapping from Substation Side

Similarly impedance mapping from substation sidals® carried outto analyze the system

impedance behaviofhe changed location of impedance analyzer can be s&gguire3.14.
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The impedance analyzer is connected to the phase A of the substatiBigbres3.15 shows

the phaseéA systemimpedance as seen from substation source.
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Figure 3.14 Circuit schematic for impedance mapping as seen from substation source.
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Figure 3.15PhaseA system inpedanceas seen from substation source.
FromFigure3.15it is seen thathte impedance maghoes not takénto account theffect of
saturationand the transformers are considered as specified impedaleceents. System

impedance would shiftlue totransients introduced in the system when the transformer(s)

energize.
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3.3 Characteristics of Panels and PWlant with Inverter Controls
The circuit diagram andurrentvoltagecharacteristic othe PV plantpanelsis presentedh

this section PV with invertermodel is utilized to simulate theidden change ipower with

time (—) during PV plant abrupt turn off and post PV plant reconnection.

Array type: SunPower SPR415E-WHT-D;
7 series modules; 6880 parallel strings
T T

1 1 1

Figure 3.16 Peak power generatiorby solar panels.

Sol ar Panel mo d4&9EWIATSDu6n Pwoiwehr 6S8PBRO par al | el st
seriesconnected modules per string at 7 is considered for the PV Afrag Figure 3.16

the maximum power point can be traced to nearly 28gdWatts at 28 C with 1000

Watts/nf solar insolation. MPPT and power output of PV panels decrease with increase in
ambient temperatur&quivalent circuit asised inMATLAB 2017 Simulink [42] is shown

in the Figure 3.17below. Power injection thru PV source into the distribution grid and
changes incurrent via substation bus are recorded. From the simulation resolia be

clearly observed that when PV taroff the industrial load is immediately supplied by the
substation bugrigure 3.18hows power injection by PV Plant, whiegure 3.1depicts the

power flow via substation source.
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Figure 3.18 Power injection by PV plant. Figure 3.19 Power via substation source.
3 - 631Wi/esec (3.2)
3 3 742.8 WEsec (3.3)

Thus it is seen that ¢éhrate of change of poweuring both casese. bothloss and risare
very high.

Voltage(Volts)

Current(Amps)

Time

Figure320Phase O0Ad6 voltage and current waveforms at

Phase O0A®6 voltage and current wayvehHoariimms obt
Figure3.20. The ptal harmonic distortion in curremgost transformer energizati@anenearly
57% and THD in voltage(PRb respectivelyfor this case
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3.4Summary

Power flow and short circuit analgs of distribution circuitareaccomplished in the present
chapter. Transformer inrush transient analysis is performed for 2@ MVA power
transformer Performance analysis & MVA nine transformers energized sequentially is
carried out.Impedance mapping is carried out in PSCRDusing harmonic impedance
component toolbaxFrom load side impedance mapping it is clearly observed that n€ar 23
to 27" harmonic range the impedance behawepacitive. Impedance mapping from
substation side is alsdone The currertvoltage characteristsoof panelsare presentedPV
plant with inverter controlss utilized to sudythe sudden change in power during abrupt turn
off and post PV plant reconnemt. Transient system impact studies on loadscarried out

in the subsequent chapter.
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CHAPTER 4

TRANSIENT SYSTEM IMRCT STUDIESON LOADS

In thisresearch worka 7.5 kW rectifier is considered alongside the collective induidtrad.
In the current chapter the interaction of active voltage boost rectifier with grid circuitsand
parameters arevestigated. An pproximate circuit equivalent modébr the distribution
circuit is usedfor PLECS simulations[43]. Circuit performance and chargyén different

cases are analyzeahd presented

4.1 Single Transformer with Controlled Rectifier Load

At the PV end as mentioned in chaptertBe plant is not generatinghus only the
transformer section is considered. Moreover the focus of the study is to analyze system
behavior duringarge transients due to transformerush In this section a 15 MVA star
(HV)-delta (V) transformerwhich is the nominal ratings consdered to be at the PV
terminal. This is because the systenbising modeled without PV power being injected in the
system.Thetotal time foreachsimulation runis 4.0 seconds while prior to 2.0 seconds PV
transformer is not connected with the grid. Thas the simulations pr&ransformer
connection and podtansformer connection cases are compared. Comparative parameters
include calculation of total harmonic distortion, distortion in current and voltage waveforms,
changes in peak values and most impulyathe magnitude of higher harmonics in post PV
transformer connection.

4.1.1Case A: Single Transformer withRectifier L oad with a Capacitor Bank

The simplified distribution test beaf the system under consideration wétleapacitor bank

on the feeder is shown Figure4.1. The left hand side of the figuemulates load asboost
rectifier in parallel with collectivendustrial plant loadnd the right hand side of the circuit
shows the PV transformef capacitive bank is connected at the end of transmission line
prior to the industrial load transformer in this caBke control strategy for the rectifier is
discussedn Chapter 2. The input inductor current and voltage across capacitors are recorded

and studied.

51



_

8 [ T s be ks
| F@, > =10 pas 1@“
[ :ﬂ -I_ :;E;'&lzz.-z; .{): ::|> ..{> a_n[)—-b— I | L _i,w }—’aw H"

Ganto ) |
o] T “ e R Al b
o e
e [ . . e .
aa[> -i> > RRF-=3ph T Seemtod | oo oo
ok By ~ @
K seri2) A= e
TAT  Shwetend | oo Do

Camier Wawe
s

Gate Sgnasd

sep [

vd Tt
0
O T {

s vaﬂmsmb—h—{(ﬁimm M[ﬁm € cre At e Ao

Figure 4.1 Circuit schematic of the system under consideration with capator bank.

52



20

I |‘ I ‘ m — Inductor current
A "l : \'Ll ‘3| — Inductor current
\ | ||
10—|.|_ . ." ‘| ‘,‘ H‘ ‘r lw “ ‘a . “‘ 1! f”l '||'|,"I U | ||[ n|dl'|\(\:torcu{-r'{?|nt
g HI’"“"’(HII“ “"‘ |h\ \'* )I "f“
il | I NP I‘ [ | H
£ oA |e‘w'| uu it HJ "'h i nlw g | "\'"""'
c ll”llllllfllll‘ih r l FI i .}II‘ h '1|’J ‘l
g . ’ll “ || I |(II |‘ I | Jfl ‘| ['I‘
5'107‘""""“"”" “"\Hll J"||'|\| ”" ”‘| .u'l
AR RA VY |‘ |'|J|‘ |14 \ hll W‘ \lf ‘I 1u.| |‘ I| \h“ ml || | \V' ||‘
20 ‘.! ""f ...... 'I“, ..... 1.....:5.....‘ ..... ! Jf ...........
400 AN AN I Ii: Ty WA ;'E\'"| I || — Capacitor voltage|
it |'||'\“:|‘|H |”\" 1\ I'Ill“I [H‘I' ‘I‘I || ‘|I||'I‘ L “|— Capacitor voltage
2 00| | (|| '(l i |II i“ Y |."'—Capac't°“_f9'_t.age_
: W)HW(} al[ml} T
S ‘w1‘|.|||| | N "'IM
< RN || W I I
) IR (1 ||||‘\|
o |||||;|i|’|‘||| I‘H.'HII\ !
S 0 '[‘H‘H ‘;‘M‘ ||‘ || ,‘H‘| N ]h
©° ||||||‘|H|| |I| | |\ | ‘ ‘||‘|‘|‘
> ||\\‘\ ||||| ||\ ||||‘|\|
||| \ l( il l || || fif
AL NI
VUVVV VY YV ' ||!‘II"‘
400 ‘ e
1.95 2.00 2.20

Time
Figure 4.2 The current and voltage variations at rectifier input terminals.

After the energizationof the 15 MVA transformerat 2.0 secondddistortiors in current and
voltagewaveforms arelearly visible in theFigure4.2. T h e p e a kécwprbnarsaghesd A
21 Amps whilephased Créaches around 19 Amps. Unsymmetrical voltages are recorded
post PV transformer connection at 2.0 seconds which are visualizbé above results.
Figure 4.3 and Figure 4.4 show the Fourier analysis of current and voltage waBegore
transformer energization it can be seen that harmonic distortion is negligible. Post

transformer connection harmonics are introduced and THD rises abruptly.
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Figure 4.3 Current and voltage before the Figure 4.4 Current and voltage post transformer
transformer is energized. energization.

High 24 4" 5" 6" current harmonici all three phasesost transformer connecti@an be
seenevidentlyfrom Figure4.4. Total harmonic distortios arecalculatedusing MATLAB
2017®in currentand voltage.

Fundamental (60Hz) = 1381, THD= 1.57%

13.32, THD= 42.08%
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25"is 1.3% of
fundamental

25"is 3.1% of

fundamental
5 I‘lIII--"_““““‘--I"‘*
Figure 4.5 FFT analysis on current prior to PV Figure 4.6 FFT analysis on current post PV
Transformer connection. Transformer connection.

Fourier analysis on rectifier input current signal usM@&TLAB 2017® FFT Analysis
Toolbox Figure 4.5 and Figure 4.6 show the FFT results prior and post PV transformer

connections.

54



Table 4.1 Current and Voltage Harmonics Before and Post PV TransformeiConnection

Parameter Before transformer connection Post PV Transformer connection
Higher Harmonics THD Higher Harmonics THD
Current Low 1.57 % 2"%to 7" and 2%' 42.08 %
Voltage Negligible 0.43 % 2"%to 7" prominent 8.68 %

Table 4.1summarizesthat hie 2ndto 7th harmonics in current and voltage are due to the
transformer inrush while the higher harmonic content is due to the system impedance
interaction with active rectifieconverter For post PV transformer connection the value of

25" currert harmonic increases to 3.1% of the fundamental.
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Figure 4.7 Current and voltage waveforms are distorted at industrial load end.
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Figure4.7 showsdistorted current and voltage waveforms at the load terminal. Diaege
values oflower harmonics in phase A current the peakhe negative half cycle appears to
be clipped while the peak of phase A voltage wave is highly distorted.
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Figure 4.8 Inrush current as seen due to Figure 4.9 Fourier analysis of the transformer
transformer energization. inrush.

Figure4.8 shows the transformer inrush #te point of interconnection. Current is unipolar in
nature with very high DC componei®hase Acurrenthas positive DC component amd
very high 2 harmonic While onthe other hand phase B andc@rentshave negative DC

componergwhich can be verified from the FFT presenteéigure4.9.

4.1.2 Case B: Single Traasformer with Rectifier Load without Capacitor Bank

15 MVA transformer is connected with the distribution grid at 2.0 secdrdaever,the
filter bank in this casebefore the industrial transforméhighlighted)is disconnected as

shown in therFigure4.10 below.
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Figure 4.11 Variation of current and voltage with time.

Forthe case under investigation it is seen that thieeat waveform is severely distorted post
transformer energization at 2.0 second$ie high frequency ringing post transformer
connection can be observed kigure 4.11 As the capacitor bank is not enaldlen the
simulation higher order harmonics do not damp and are carried to the industrialTload.
FFTs shown inFigure 4.12and Figure 4.13clearly depicts the effect of connectitige
transformer on the current waveforfigure 4.14shows the threphase current and voltage

waveforms at the industrial load terminal.
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Figure 4.14 Current and voltage variations with time for collective industrial load.
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Figure 4.15 Current and voltage variations for

transformer.
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Figure 4.16 Fourier analysis of transformer inrush
current and voltage.

Current and voltage variations for transformer are depictéthure4.15. In Figure4.16, the

Fourier analysis of transformer inrush current and voltage eaeénThere is no significant

difference in the inrush current analysis as compared tocoassedered in sectiod. 1.1 A

unidirectional current is observed which decays after atiomgy

Table 4.2 Current and Voltage Harmonics Before and Post PV Transformer Connection

Parameter Before Transformer Connection Post PV Transformer Connection
Higher Harmonics THD Higher Harmonics THD
Current Negligible 0.50 % 25" severe 30.63 %
Voltage Very Low 0.48 % 25" prominent 6.95 %

It can be seen froriable 4.2that post transformer coneéon the 2Bh harmonic reaches

24% of the fundamental and causes excessive distortion in current waveform. The THD in

current is prominently due to 9Harmonic in this case.
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4.2 Multiple Transformers with Controlled Rectifier Load
Multiple transformers with controller rectifier load aagalyzedwith and without capacitor

banks in this section.

4.2.1CaseA: Multiple Transformers with Rectifier L oad and Capacitor Bank

System model of multipl®V planttransformers with controlled rectifier load with capacitor

bank is represented Figure4.17.

[m

B G

Figure 4.17 System model of multiple transformers with controlled rectifier load with capacitor bank.

In Figure4.18 the inductor current and capacitor voltage waveforms are shown for multiple
transformers with controlled rectifier load with capacitor bank. Results of Founadysss
before transformer is connected are showFRigure 4.19. WhereasFigure 4.20 represents

the Fourier analysiafterthe transformers are connected with the capacitor agire4.21
depicts the inrush current and voltage waveforms at point of interconnection. It is clearly
visible that with every next transformer energization the inrush current incréapa®4.22

shows the Fourieanalysisof the inrush waveforms.
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Figure 4.18 Inductor current and capacitor voltage waveforms for multiple transformers with controlled
rectifier load with capacitor bank.
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Figure 4.21 Inrush current and voltage at PCC. Figure 4.22 Fourier analysisof inrush waveforms.

The current and voltage harmonics before afigr the PV transformer connectioare

presented iTable 4.3

Table 4.3 Current and Voltage Harmonics Before and Post PV Transformer Connection

Parameter Before Transformer Connection Post PV Transformer Connection
Higher Harmonics THD Higher Harmonics THD
Current Negligible 1.39% 2"%and 6" dominant 41.78%
Voltage Very Low 0.50% 2"%and 6" dominant 9.63%

4.2.2 CaseB: Multiple Transformers with Rectifier L oad without Capacitor Bank

2 MVA transformers are sequentially connected with the §iglre4.23 gives the model of
the systenmunder study havingnultiple transformers with rectifier load without capacitor
bank.Distortion in current and voltage waveforms begin graduadlgch a maximunpoint

and then system returnsttee normal state.

Inductor current and capacitor voltage waveforms for multiple transformers with controlled

rectifier load without capacitor bank are shown Rigure 4.24. Fourier analysis pre
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transformer connection without capacitor bank is giverrigure 4.25, while Figure 4.26

represents Fourier analysifierthe transformers are connected without capacitor bank.

e
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Figure 4.23 Systemwith multiple transformers with rectifier load without capacitor bank.
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Figure 4.24 Inductor current and capacitor voltage waveforms for multiple transformers with controlled
rectifier load without capacitor bank.
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Figure 4.25 Fourier analysis before transformer Figure 4.26 Fourier analysis post the transformers
connection without capacitor bank. are connected without capacitor bank.

Table 4.4 Current and Voltage Harmonics Before and Post PV Transformer Connection

Before Transformer Connection Post PV Transformer Connection
Parameter i i i i
Higher Harmonics THD Higher Harmonics THD
Current Negligible 0.71% 25" along with 2°to 7" |  25.04%
Voltage Very Low 0.50% 25" present 5.32%

The current and voltage harmonics before aftel PV transformer connection are shown in
Table 4.4 for this case.The inrush current waveforms and Fourier analysis in this case

resemblerigure4.21 andFigure4.22 respectively.

4.3Varying Switching Frequenaes

The behavior of harmonics is observed whenitching frequencyof the voltage source
converteris varied The delay and harmonieffectsareobsered and tabulated inTable 4.5.
An active rectifier with 7.5kW load is consideredSwitching frequency is varied from 7 to
25 kHz Current controller bandwidth is 6590 rad/see. nearly1050 Hz. The voltage
controller has a very low bandwidtfithe pe-transformer energizatioleads tonegligible

harmonic content.

65



Table 4.5 Post Transformer Energization with Varying Switching Frequency

Switching Delay T4 ~0s Delay Ty~ (1/F9) s Harmonics Post Transformer
Frequency Energization
7 kHz Stable Unstable 25" Harmonic (1500Hz) detecte
in current and voltage
9 kHz Stable Unstable 25" Harmonic (1500Hz) detecte
in current and voltage
10kHz Stable Stable 25" Harmonicreaches 25 % of
the phase current
11kHZ - Stable 25" Harmonic reaches 30% of
phase current
15kHz - Stable 25" Harmonic reaches 12.65%
phase current
20kHz - Stable 25" Harmonic reaches 9.49% g
phase current

From Table 4.5 it is seen that 2% harmonic is prelominant in all nearly the cases. As
switching frequency is varied frofhkHz to 20kHz, the 28" harmonic reduces from 30% to
9.49% of the phase curre@elow 10kHz the rectifier goesnto instability region due to
0seesod

introduction of controller delayHe r e t he

the high frequency resonant point is invariaFtis explains the presence of 2Harmonic

component in current and voltage.

converter
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4.4Varying Filter inductor

In this section theilter inductors are variedhe effectson voltage and current waveforms are
noted Theimplicationsarising due to the variation of filter inductances on the current and
voltage waveformsire alsodiscussedFor the same he switching frequency {Fis kept at

10 kHz, whereasgcontrollerremainsunchangedndthe systenpoweris 7.5 kW. The results

obtained are shown ihiable4.6.

Table 4.6 Analysis of Post Transformer Energization with Varying Inductors

Filter System Peak Inductor current Post Transformer.Energlzatlon
Inductor Harmonics
500 ¢ Unstable - a
24th Harmonic (1450H h
540 ¢ Stable 21 Amps phase C 4th Harmonic (1450Hz)eaches

25.71%of phase Rurrent
24" Harmonic (1450Hz) reaches 79.7
550 ¢ Stable 27 Amps phase A | of phase A & B current. 24Voltage
harmonic hits 60 volts

25" Harmonic reache®7.2®6 of phase
C current

25" Current Harmonic is 27.14% of phase current prior
transformer is connected

25" Current Harmonic becom@21% of fundamental at 2.31

560 ¢ Stable 22 Amps phase C

58 0 ¢ Critical Case

second.
25" Voltage Harmonic reachd8.57%of fundamental at 2.31
second.
o5 H [ 40%
600 ¢ Stable 27 Amps phase C 5" Current Harmonic becomes 40%
fundamental
23% Current Harmonic (1380 Hz) is
700 ¢ Stable 20 Amps phase A 13.04% of fundamental
23% Current Harmoni¢1380 Hz) is
I 28 AmpsPh
800 Stable 8 AmpsPhase C 14.5% of fundamental
20" Current Harmonic (1200 Hz) is
1000 Stable 18 Amps Phase C 10% of fundamental
2000 Stable 19 Amps Phase C | Current distortion due td"harmonic

From Table 4.6 it can be inferred that as the voltage source converter sees more inductive
impedance the higher harmonics tend to doeut Furthermorethe peak currentis also
reducel. It can also be observed from the table that the higher frequency harmonic resonant
point shifts with change in system impedance.
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45 Effect of Current Limiting Resistoron Distribution System

One of the traditional methods kit inrush current is to add a pmesertion resistance in
series with the device that is intended to be brought onlihe.applicationof resistive
starters forproviding operation andorotection toelectric motors is welknown Thus, a
similar concet to limit the inrush current of the transformieiserting series resistance just at
the moment of transformer energizatisnncorporated in this wotkThisis expected tdake

care ofthe issue of huge inrush current drawn by the transformer.

= I UL
-‘rL — Step L Scope
T 0 — IJ_. Brk Ctrl
Pl
(a) T (b)

Figure 4.27 Current limiting inductor is introduced at the point of interconnection (a) Circuit schematic
and (b) Switch control.

+ +

Figure 4.27(a) shows only the additional circuit corresponding to the current limiting
inductor. The rest of the circuit is similar teigure 4.10. Figure 4.27(b) shows thecontrol
circuitry for the addedresistor At 2.0 seconds thé Br k Ct r | 6 cl.dlgsses t he
introduces the prsertion esistorin series with the PV transforméWaveforms forthe

case with insertion resistance of 100 ohms discussedherewith The circuit under
consideration does not haaecapacitor bank at the end thfe transmission line&onnecting
substation and the industrial loathereforeany effect due to the new series resistarase ¢

be compared with the results obtained in section 4Etdn we can clearlybserve that the
rectifier peak inductor current is nearly 18 Amps as compared to 24 Amps in the previous
case without the series resistanc&he variation of inductorcurrert and voltage with
frequency, pre PV transformer energization can be se€igure 4.29. Furthermore, when

the resistor is introducethe lower harmonics i.e. ¥ to 7" are completely eliminatedfter

first the cycle as shown inFigure4.30. The maximum total harmonic distortion 1% in
curentd et ect ed i relsomlygraad Enpravan@nasi cempared t80% whichis

recorded in the earlier case.
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Figure 4.28 Current and voltage waveforms at rectifier.
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Figure 4.29 Inductor | and V with frequency, pre Figure 4.30 Inductor | and V with frequency, post
PV transformer energization. PV transformer energization.
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FromFigure4.30 we can see that piasertion resistance eliminates the propagation of lower
order harmonics in the circuit but still higher harmonics are observed in the sftteRV

transformer energization.

— Am4 : : Am4
100 SIS OSSN SS——— S — 8 : L ams

-0.5 i
0 200 400 600 800 1000 1200

2.00 2.05 2.10 2.15 2.20 Frequency
Time
Figure 4.31 Inrush after introducing pre insertion Figure 4.32 FFT analysis of inrush waveform after
resistor of 100q . the first cycle.

Figure4.31 clearly shows that after first cycle the inrush current transients die and this also
eliminates the lower order harmonics from the system. The optimum resistor selection would
depend onpower handling capability, peak current withstand aado should not cause
voltage sag in the system. Based mal power losses R loss)and afoe mentioned
criterion, a 100 Y current limiting resistowould be best suited for the applicatiander
considerationFFT analysis of inrush waveform after the first cycle is giveRigure4.32.

Inrush parametersiamely peak inrush current, currergcdy, voltage and current for first

three cycles for different resistor values are shown in Table 4.7.
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Table 4.7 Inrush Parameterswith Different Resistors

Limiting Resistor Peak Inrush Current First 3 Cycles (L-N rms)
(¥) Current decay Voltage (volts) | Current (Amps)
0.1 800 Amps > 10 cycles 12353 353
1 750 Amps ~ 10 cycles 12556 268
5 650 Amps 3 cycles 12927 114
10 520 Amps 2 cycles 12995 56.6
100 130 Amps 1 cycle 12993 6.7
4.6 Summary

Transient system impact studi@®carried out in the present chapter. Different practical test
cases and scenari@e considered Current and voltage harmonics before after PV
transformer connection are noted. As switching frequency is varied fidaz To 20 kHz, it

is seen that the 35harmonicis reduce from 30% to 9.49% of the phase current. It is
observed that as the voltage source converter sees more inductive impédartugher
harmonics tend to die. Introduction @€urrent limiting restor provides a very encouraging
protection effect on theystem. The present analysis didqurove to be very beneficial to the
power utilitiesattempting to mitigate inrustaused load tripsThe main conclusions drawn

from the present research wavil| be presented in theextchapter.
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CHAPTER 5

CONCLUSIONS

Solar energy at present has become a critical component of the sustainable development.
Constraints and barriers associated with integration of PV with power systenargrid
identified in the present work. i$ found through rigorousimulationsand verified by field
resultsfor a distribution system having PV source thating energization of PV plartiuge
transient currents flow in the systerfhis isdue to the inrush transformer curremhich

causs erratic behavior and tripping of the motor control drives at the industrial load.

During transformer energization it is observed ti@ system impedance seen by the load
converterchangestherebydriving the converter into nepassive unstable regiohhisis the
outcome ofsystem impedance becorg more capacive at higher frequencie@n range of
20" to 30" harmonicin the presenstudy). The LC resonance between converter admittance
and equivalent grid admittance leads to surge in higher frequency harrhotiiés current
and voltage Sometimes these effecteead to system instability Consequently, a
comprehensivand indepth studyis essentialat the planning stage as well as during the

addition of new components in the power system.

The needof research and further analysis on system impact transient studies for grid
connected large distribution energy sources is much challengingisTisstantiated from
literature survey carried out and presentedCimapter 1.The performance analgs of
industrial load and driveswith a power system comprising of large PV plargreported in
this thesis. Various modelare considered andnvestigated.These providea versatile
verification of results using different simulation tool§he important conclusionand

recommendations of the thesis waire presented in the following two sections
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