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ABSTRACT

NEWTON-RAPHSON BASED LOAD FLOW ANALYSIS OF AC/DC
DISTRIBUTION SYST EMS WITH DISTRIBUTED GENERATION

Kaya, Ferhat Emre
MS, Department of Electrical and Electronics Engineering
Supervisor: Prof . Dr . Al Nezi h

SeptembeR019,94 pages

Increasing concerns about climate change and global pollution rates emphasized the
importance of renewable energy resources. Rising pressure to utilize green energy
alternatives requires some changes and rearrangements on the available alternative
current(AC) oriented electric power system. Moreowelectric charging stations,
renewable and distributed electricity sourdiée battery storage systemsolar

power plantsise direct current (DC) aratiditional power conversias needed for

their integration into the curremistribution network This explainswhy hybrid

AC/DC smart grid conceptre developed

Although there are various load flow analysis approaches applied on hybrid AC/DC
transmission systems, not much worlkpreposed at the distribution system level.
The scope ofthe thesigs to developan integrated load flow approach for AC/DC
distribution networks, which include a variety of power electronic devices as well as
distributed energy sources. the method preented AC and DC powerflow
equations are combined and solved using Nesaphson algorithrwvith a

modified Jacobian matrixCommonlyused DCDC convertersaand voltage source



converterpresent in the grid are represented with their respective modasload

flow calculation method is implemented on MATLAB and simulations are
performed for different distribution test systems, which utilize a variety of converter
models and load prdés. Solution of the proposed load flow algorithm has shown
consistency with the results obtained by other approaches.

Keywords: Load Flow Analysis, Hybrid AC/DC Distribution System, Voltage

Source Converter, Smart Grid, DC/DC Converter

Vi
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CHAPTER 1

INTRODUCTION

1.1  Background and Contribution

World is trying to take urgent actions to reduce greenhouse emissions produced by
theelectricity sector since fossil fuels are mainly used to generate electricity. In order
to have a more sustainable and environmentally friendly energy system, the
electricity generatiorprocedureis changing from fossil fuel dominant structure
towards a mee renewable and distributed one. Therefore, many countries are trying
to adapt renewable energgsourcego their electric power system while they are

also working hard to meet their increasing electricity demand.

Until today, power systemwere mostly one directional in a way that generated
electricity was being transferred by transmission systems to distribution systems
where consumers are connect&d.of today, howeveglectricity can be generated
andconsumeadvithin the distribution systemesultingin a bidirectional power flow
Additionally, EV charging stationsnay behave as generatots supply surplus
energyto the utility grid and battery systemsay behavdike loads when they are
getting charged. Thereforeyverall complexity of the system increasasd the

electrical power system evolves intesmart andAC/DC hybrid structure.

The fact that present distribution systems need to adapt increasing utilization of DC
generators and loads implies tlla¢ traditonal AC oriented power flow analysis
also needs to change to meet new requirements for a hybrid power dyistayn.

researches are presented on AC/DC load flow with focusigin voltage DC



(HVDC) transmission systens the literaturéout these methodseanot convenient

for hybrid distribution systems since those methods are weak for systesns DC

bus penetration is higindthatincrease complexity of the algorithmAdditionally,

it is most probable that future smart AC/DC distribution systems will have several
intersecting AC and DC nodes, branches, different AC or DC generators and loads
coupled together, therefore decoupled methods which separate main AC/DC grid
into several gbgrids may not be suitabl® be appliedfor coupled AC/DC
distributionsystemq1]. Moreover, it is stated if2] that compared to the unified
method, the sequential method is more complex, mes banvergence problems in
some cases and takes more time to converge to a solution because whole AC solution
must be recalculated each time for a parameter update on the D@ sdalso
indicatedfor the sequential method thelyorithm reliability dereases and becomes
more complex as the iterative loop number increfged he advantage of Newton
Raphson iterative method is that it converges faster than other approaches owing to
its quadratic featureTherefore, this thesis have focused on an integrated
methodologyfor load flow analysis ofAC/DC distribution systems that are

combinatiors of AC and DC microgrids.

The proposed approacbtontributes such that HewtonRaphson based iterative
method foroverall system level power transfers between AC andstlghetworks

is presentedby utilizing AC/DC voltage source converters and several possible
connection typesn a hybrid distribution systemwith DC/DC convertersare
consideredProposed load flow miedd takes into account all converter losses and is
able to obtain power flow through converters connected at different blisiss.
method helps to reduce algorithm complexity and has the advantage of faster
convergence speeuth high accuracgompared tother approaches by combining
AC and DC line flowsTheresearchers dfl] proposed a unifietbad flow analysis
approachbased onreduced gradient methofbr AC/DC distibution systems
However, that method lacks DC/DC conegrinodels and operating modes of the
converters such as constant voltage control and constant dutyaratignored
Future smart AC/DC grids are expected to include various AC/DC and DC/DC

converters, therefore converfgarameterand theirlosses should be calculated in



the load flow analysis as well. In the proposed method, commonly DEAIC
converter modelsvhich are required to control DC bus voltaga® implemented
and different operahg modes are considered for thosenverters Power flow
equationsand derivatives with respect to system unknoanesobtained for different
systemconfigurations The method irjl] has used only constant modulation index
mode of the AC/DC VSC; however, the method preskmi¢his thesis also utilizes
constant output voltage mode of theltage source convertand determineghe
required modulation indefor providingspecific voltagenagnitudeat theconverter
output busAdditionally, DC/DC converters are utilized ronstant duty ratio and
constant output voltage modes asidce presentedequations are generiother
converter models can limplementedn the proposed method.

1.2  Thesis Outline

Firstly, a brief information aboutlistribution system topologidas proviced at the
beginning of the second chaptelybrid AC/DC distribution systemare explained
and integration of distributed generators to those systems is investityatibed.last
section of the second chapter, previous studies on hybrid AC/DC smart igrids a
briefly mentionedIn the third chaptewoltage source converténatis utilized for

AC to DC corwversion and commonly used OWZ convertemodels are provided.
Afterwards, derivation of power flow equations and NewRaphson iteration are
explained.Then, he implementation of this iterative solution procedur@nrAC
system and AC/DC hybrid systemdsscribed and line power flow equations are

given for differentconnection topologies

Proposed algorithm is implemented on a variety of test systedresultsaregiven
in the fourth chapter. Moreoveahe resultgroduced by the presented metladi
other approacheare comparedh this chapterFinally, outcomes of #proposed

load flow calculation methodre evaluated in the last chapter.






CHAPTER 2

AN OVERVIEW OF THE DISTRIBUTION SYSTEM

2.1 ACvsDC

Althoughelectric power systegaremainly dominated by alternating current today,
theend of19th century was a battlegroufat alternating current (ACand direct
current (DC)systems. Towards the end of 188@sieswhen Edison wastanding

onthe side oDC electricity the inability to control DC voltage level was an obstacle

in front of widely spreaithg of DC systemsPower electronics were naeveloped

back then to havthe ability to regulatehe DC voltage to higher or lower levels.

This has brought the problem that DC machimese limited to generate low
voltagesfor safety issues and this has caused serious losses during the transmission
of electricity, meaning that electricity transmissiwasrestrictedto a few hundred

meters.

On the other hand, the AC side, at which Tegts proposinghad asignificant
advantage with theransformer that gives opportunity to adjust voltageifferent
levels.Becauseransformers made it possible to increase the AC voltage levels to
kilovolts (kVs), losses on transmission lines are lowiikerefore electricity can be
transmitted over longer distances. When it has reached to destinattagecan ke
reduced backo levels that will beutilized with the help of transformers agait

the end of this rivalry, AC side has dominated the electric power system leaving DC
behind.AC transmission and distributidraveestablished superiority aridus,AC

generation machines and AC loadsnstituteda large part othe electric power
system(4].



2.2  An Overview of AC Distribution Systens

At the beginning, transmission lines were bound to only a few kilometers and voltage
and power levelsverenot very highfor the first installed threphase ac systesn

butit hasextenaedall over the worldafterwardsThanks to AC transformers, voltage

is increasedo higher levels to reduce losses during the transmission of electricity
andit is decreased back to levels that match the consdereandConsideringhat
generatiorof electricity, load sideand transmissiogystens aremainly relied on AC

until today,it becomes evident that AC etdc power system has gained a valuable
place in the 20 century

In general, adistribution system serves -betveen transmission system and
customersTypical AC distribution systentsan banvestigated in tw categoriesis
primary distribution system and secondary distribution systemPrimary
distribution systera are composed of 3 wire, 3 phase atity aredesigned for
greater voltage levels than normal utilization level for the specific ridedstomers
in the systenas illustrated irFigure 1, whereas secondary distribution sysseam
shown inFigure2, arecomposed of 4 wire, 3 phase a@hdy areconnected tdypical
customes. While 230 V is mainly used in secondary distribution syst&s kV, 11

kV and 6.6kV are common levels the worldfor primary distribution systes{5].

Factory I Factory II

3-Phase AC o o o o
(33kV) Substation = - 5 )

Substation I Substation IT

Figurel. A Representative Schema foPamary Distribution System



Consumer Consumer

3-Phase Distribution
(11kV) Transformer

I I
= B o
= B
B o
B
Factory
3-Phase Motor

Neutral
Phase A Vi;=0.4kV

Phase B Vi, = 230V
Phase C

Figure2. A Representative Schema foBacondanpistribution System

Widespread utilizatiorof distributedrenewablegenerators changes the traditional

grid structure andhis tendencyncreases at a fast padeternational Renewable

Energy Agency(IRENA) predictsthatrenewable portion of the total merationis

going toreach59% in 203(6].

Besides,SolarPower Europe $indings indicate thasolar generation is growing

faster than any othelectricitygenerabn source as shown Figure3[7]. In 2017

newly installedsolar power capacitwasgreaterthan any other power source and

more tharthetotal addedcapacity of fossil fuels anauclear

This report also suggests three different global market scenarios and it predicts that
global solar power plant generation capacity could hit 1,270.5 GW in 2022 for the

bestcasescenario as illustrated Figure4.



2017

Other Res; 7 GW

Larga Hydro; 18 GW Solar; 88 GW
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(Gas; 38 GW
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Figure3. Net Power Generating Capacity Installe®017in the World[7]
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Figure4. World Total Solar Market Scenaribstweer2018and 20277]



In addition to solar power phds, other distributed generagofDGs)like battery
storage systemand fuel cellsare all conneced to the distribution grid and a
significant portion of these sources have DC outputs. For this reason, DC output of
these generators should be converted to AC before connectthg dastribution
network. Even wind turbines require power convertesytwhronizeoutput voltage

with the AC distribution system voltage level and frequency

Not only did generation side changlee load side of the electrical power systean

also changea sincemostdevices in our liesrequirelow voltageDC supply.In the
presentdistribution system computers, televisions, mobile phones, household
appliances, led lightings aedl connected tohe AC distributionsystem by a bunch

of convertersFigure5 illustrates aepresentative scheniar anAC grid.

Solar Wind Fuel
Power Turbine Cell

I
!
%

\ 4
2 |
!

BUS

AC Supply “

N

|
1 AC

Battery
System Loads Loads

Figure5. Representation of an AGrid with DGs, Battery and Loads



2.3 DC Distribution Systems

Al t hough it is still wvalid that todayos

AC, increasingutilization of wind turbinesand solar power plants, new type of DC
loads like electric vehicles (EVs) and DC motor drives, and also battery storage
systemsare challenging thstructure ofcurrent distribution systesnThistendency
indicatesthat DC systems are going to be more important for the fidlaetric
power systerm For this reason, new technologies utilizing efficient and convenient
use of DCsystems have gained popularity again with the support given byaebvan

in power electronics fiel{B].

In order to implement DC sourcasich as solar power plants loattery storage
systemgo theAC distributiongrid, DC to AC conversioris necessarwhich results
in a power loss during #process.Besides, since significant portion of home
appliances likeéelevisions, computersyd EV charging stations requiteC, there is
a rising trend of providing DCqwer directly to these devicgd]. However, under
thecurrent situation, devices which rely on DC are connecteah &C distribution
system at homes or officethereforeanother process is needdthis conversion
process cuwaboutd-15% percent of the input power athetotalloss increaseshen
moreconvertes are implemented in the systg¢hd]. Hence rather than such multi
level conversion processeSC electrical systens may be extendedwith DC

distribution systerm removing sompower electronicircuits

For the load side, it should be noted that many loads today incorporate power
electronic devices for A@ DC power conversionThis results in harmonic current
injection to theutility andtherefore lowering the power quality of the systétance,

loads areccompanied bg variety ofcircuitsfor power factor correctiom order to
eliminate those undesirable effects. If a suitable DC voltage level is chosen, loads
could have a straight naectionto the network without AC/DC conversion and

power factor correction cirduies[11].

10
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It is presented ifablel thatwhena fuelcell, which produces DC poweconnected
to aresidential DC distribution network, better results could be obtained in terms of
total efficiency[12].

Tablel. Efficiency Comparison of a Residential Fuel Cell Sysi&z)

Connected to a Connected to an
DC System AC System
Device Conversion | Efficiency | Conversion | Efficiency
Stages (%) Stages (%)
Kitchen Appliances 1 976 2 052
Home Electronics 2 0512 5 884
Lights-Fluor. 2 952 4 90.6
Heating, Ventilation 1 976 2 052
Laundry Appl 1 97.6 2 952
Weighted Ave. 97.3 04.5

Moreover, ifa DC sourcehas a direct connectialn a DC distribution networkt
could provide cost advantage, reduced complexity and increased efficiency when
compared to the case whetesupplies energy through some power electronic

devices to an AC systefh3].

In general DC distribution systemare classified in twaconfigurationsasunipolar
andbipolar distribution systea]14]. Unipolar DCdistribution systers consisiof
one positie and one negative liness shown inFigure 6, while bipolar DC
distribution systers havethreelines, one for positive, one for negative and one for
neutralas illustrated irFigure 7. Loads may be conneced to the positive voltage
(+V), negative voltagé-V) or betweerthemto double the voltagmagnitude (2V)

in a bipolar configuration
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Figure6. Unipolar DCDistribution System
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Figure7. Bipolar DC Distribution System

A bipolar configurationcan be beneficial sudhat if there is a faulin one ofthe
positive or negativpoles the other pole can continue to supply power to the system.
In both of these systems, a variety of converter types for DC/DC conversion or
inverters for DC/AC conversion can be implemented accordingjfterent load
types. A representative DC grid is shoim Figure8.

In this representative DC grid model, EV charging station is allowed to conduct
bidirectional power flowSincesome EV charging statisrhave solar panels on top,
they can supply power to the grid gmhthey are not fully occupidd5]. Battery
storage systemalso requirdidirectional power flow sincthey arecharged during
excessive amount of power availabind discharged during peak hours of electricity

COI’]SUI’T’IptiOﬂ OcCcurs.
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Figure8. A Typical DC Grid with DGs, Battery and Loads

It is already stated thdC distribution systemare convenient to be supplied by
solar power systems, battery storages or fuel cells whdpes areDC. In addition

to them,a DC distribution system can be also convenient for variable speed wind
turbines, and microturbines. Although these systems pro8lGcpower, because

there is a requirement to synchronize output frequency of these generators before
connecting to the AC distribution system, they incladeverters that first transform

AC to DC powerandafterwards DC tAC again However, if they areannected
directly to DC distributionnetworks simple convertes can replacehe formerly

mentionednes[11].

Other than these, DC distribution sysgeprovidesome advantagesompared to
their AC counterpag Accordingto Low Voltage Directivg16], DC systems are
allowed to conduct higher voltages resulting in higher rms voltage value and
increased power transfer capabilijence,cable crossectionsand lossegan be
reduced with the hpl of higher power transfer capabilityzluctuations and
temporary drops onoltage waveformacan be reducedt the consumer emnith the
implementation of power electronic converters &ftdrs. When all these are put

together, economicallgdvantageous systeman be designed regardiogpital and

13



operational costd17]. However, when more power electrongircuitries are
implementedin the system probability of encountering problems increases.
Although convemrrs andilters increase the power quality at the consumer end, these
devices inject some undesirable harmonics to the raysied they haveshorter

lifetimes compared tther usual system componefis].

Becausehere are som differenceson safety considerationsetween DC systems
and AC systemamoving towards DC grid should be carefully studied in terms of

following topics[19]:

1 Circuit protection
1 System maintenance

9 Fault detection

In additionto protection, maintenance schensw fault detection mechanisms
standardization of system components and voltage levelstlage topicson the

agenddor DC distribution systems.

2.4 Hybrid AC/DC Distribution Systems

After having mentione@boutpure AC and DC distribution systeniswould be
appropriate to mentioarother alternativeinvolving both, namely a hybrid one.
Although the electrical system is adapting towards a more sustainable and green
future,theintegration of renewdes and enenrgstorage systems require new updates

and innovative solutions ahedistribution network.

International Renewable Energy Agensyggests that renewable sourgel be
responsible fomore tharB0% of global electricity generation by 2080d52% of

total electricity producedill becontributedoy just wind and solar power plari€.

As illustrated inFigure9, thereference scenario indicates that total installed capacity
can achieve more than 8000 GW in 2030 and over 12000 GW in 2050 with majority

14



of increaseontributedoy solar and winggower. Foran alternativeloubling scenario
solarand wind capacity increa more than the reference scenais Figure 10

shows, remap scenario predicts generation using oil becomes zero and renewable
electricity generation wilbe responsible for 82% dietotal generation in 2058].

These predictions indicate that the electrical system is going dom&emore

decentralized with the increasing share of distributed generations.

Generation side and load side should be in equilibrium for an electrical system to
achieve a flawless, sei® and predictable operations. One drawback of renewable
power generation sources is uncertainty associated with them. Their generation

highly depends on instantaneous weather conditions.

Total installed
power generation

capacity (GW)
24 000
20 000 —
16 00O —
Ocean / Tide / Wave
12 Q00 — S Geothermal
Wind
Csp
sS000 —m8M8 —_— SEEENN—S Saolar PV
- - - . Hydropower
4000 _-_ | I || — [ nNuclear
Matural gas
B ci
0 —— M coa
2015 2030 2050 2030 2050

Reference Case REmap

Figure9. Power Generation Capacity for the ReferenceRamapCases between
2015 and 205(6]
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Figurel0. Power Generation farwo Cases between 2015 and 206D

For solar power plants, although algorithms like maximum power point tracking
(MPPT) areimplementedo makesolar panel®perateat their maximum efficient
point in order to produce maximum power, thelectricity generation is affected
greatlyby the tenperature ofolar panels or the radiation during the delye power
generation of a solar power plantigher on sunny days or it decreases when it is a
cloudy day For wind turbines, the output power is agdeterminedoby therotor

size, season of theear, wind speed and altitude

Other than these uncertainties, there are also much fundamental reasons that such
power plants cannot produce electricity all the time because for solar power plants
there is no sunlight during night or for wind farmse wind blows sometimes and all
blades stopurning.In some cases, some of the wind turbines are running but some
are not in the same power plant because wind only blows in a certain area, therefore
reducing the great portion tifeoutput power. For tireason, they may not be fully

utilized every time.
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On the other hand, electricity demand is increasing on a great pace today and
consumers demand uninterrupted supply for their applications. Offices, commercial
buildings, hospitals and even some devicekomes require continuous electrical
energy.Therefore,battery storage systenase utilized to guarantee uninterrupted
electricity supply International Renewable Energy Agency predicts that battery
storage system costs woulé more than 50% cheapey B030[6]. That means
battery storage system installation would be more common to suppantid for

smootler operation of services.

As shown inFigure 11, International Renewable Energy Agency predicts low and
high casescenarios. The biggest increase comes from rooftop photovoltaics (PVs)
for both scenarioff].

Low High

2017 2030 2017 2030
Reference Reference Doubling Reference Reference Doubling
450

400
300
)
100

449,
= . b |

4% 443,

GWh

44%

|| Rooftop PV Rooftop PV retrofit Utility-scale batteries

Figurell Global Capacity Increase for Battery Storage System in Stationary
Applications by Sectors from 2017 to 20&)
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There is also a big growth for the utilisgale installation. flese systemsan be
implemented for servicebke frequency controlreserved generatioor market
balancing.Therefore, pesent distribution network faces some challenges with the
integration of distributé generators, modern electronic loadsl penetration of
EVs. Uncertainty present in all dese and further they may lead to problems like

system overloading, voltage distortions and frequency fluctuations.

As covered in 8ction 2.3 DC distribution systems have some advantages especially
when DC generating distributed sources are connectigk fdC system. Even for

some distributed AC generators like microturbines or wind turbiD€s,system

eases the connection of thegneratordy eliminating synchronization stages and

it is more flexible since reactive power control is not required. Bywaitg the
deployment of energy storage systems, DC network increases the overall system

guality and makes the electrical system more immune to faults.

However transitionfrom an ACstructureto a complete DGCstructurebrings many
problems with it. Distbution systeramainly rely on AC today and whole system
established over many years with many investments. As an alternative, hybrid
structures that are fundamentally AC but at the same time, incorporating DC network

interconnections are proposed.

First of all, a DC grid sulsystemmay be employedéh a present AC distribution
system to enhance the capability of tredwork. Activepowerand reactive power
may be transferredbetweenAC buses and an interfacing converter tadjustthe
voltage on the AC termal. Active power can be injected to the D&workwhen
it is neededr DC grid can supplgxcessive energp the ACside The system gains
additional pwer handling capabilitj20].

While the operational principle is different, AC and DC systems can be
interconnectedavith the implementation of power electronic deviokdvancements
in power electronics, auteation and control technologiemnable conventional
distribution systemsto ge benefits of DC systemsDistributed generators

penetration has also changed the power flow trend in distribution systems such that
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power flow was mostly one directional, namely from transmission to distribution,
howevemow it flows in and out o&distribution system, even dirculates inside the

systemHybrid grid configuration brings some benefitgh it like [8]:

- Conversionloss is minimizedsince some AC/DC conversion stages are
removed.

- More simple and cost effectivaectronic products can be made by getting
rid of redundant DC rectifiers.

- AC side power quality is increased since harmonic injections can be
controlledthroughconvertemwhich connect®C side with all DC loads are

connected.

As the electricity generation sources diversify, the integration of distributed
generations to the existent central generatiod grid management is going to
require operations that are more resilienThanks to decentralized energy
management systeoaoncepts, whiclone ofthem is shown ifrigure12, operations

to establish a balance between load sidedisiributed generation side aret going

to bea difficult task.

Load

|

Wind Energy = Battery

Farm Management System

7 N

Solar Power AC
Plant Gnid

Figurel2. A Decentralized Energy Management System Concept
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New communication network infrastructures with sensors and monitoring devices,
automation tools are going to provide a comprehensive understanding of the system
situation[21]. In line with these requirements and recent developments in the power
electronics field, xisting grid is undergoing a change towards a more digital and
intelligent one as shown ifable2. All of these require a neand more intelligent

grid conceptlntelligent gridthat utilizes new type of electricity generation sources,
information technologies, sensors and monitodegices to collect necessary data

in order to create a more integrated and smart environment for all players in the

electricitybusiness is calle8mart Grid[22].

Table2. Existing Grid vsSmartGrid [22]

Existing Grid Smart Grid
Unidirectional Bidirectional
Electromechanic More Diigital
Centralized Distributed
Few Sensors Plenty of Sensors
Manual Control Automatic/Self-Healing
Local Check/Test Remote Check/Test
Limited Customer Choices| Many Customer Choices

Communication terminals and smart metars used in smart grids collect and
exchange data about bus voltage, current and power supply or derfmantchtion
with high-speednetworks. Besidesjt contributes tahe existent system wellbeing
by generating appropriate commands taking necessary actions before a failure
occurs andowers financial expenditureg.hroughthe use of management and
communication tools, smart grids help to overcohe gystem complexity and to

preserve the system in reliable conditions.
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Although AC or DC Smart Grids are studied before, Smart Godshe concept of
hybrid systersincorporatingooth AC and DC grids amerecent concerj23]. To be

able to increasthesystenreliability and to ensure uninterrupted supply for sensitive
loads, the DC grid, which has connection to storage systems and distributed
generatordgs combinedvith theAC grid byconvertersThe configiration presented

in [23], incorporates centralized control systefos AC and DC microgridsAC
systens havealready installeavind turbines with AC/DC/AC converters asdlar

power gstems with DC to AC inverterdA battery sorage system is connected
together with distributed generators because sometimes these type of generators
cannot supply enough power resulting in undesired voltage and frequency
abnormalities. Along with battery storage systems, EV charging statiorasare
connected tdhe AC network through AC/DC converters However AC/DC/AC
converters of turbine generators and AC/DC converters of battery storage systems
and EV charging stations are replaced with cheaper DC/DC conviertigrs DC

side

Smart Gridcontrol systems gather necessary data and modulates PWM signal of the
converters according to measurements collected off the system to ensure the grid is
in a safe conditionLoads connected to DC side are supplied through local distributed
generators and power supply is not adequate, then AC side supports the deficit.
DC side can continue to its operations when a fault on the AC side occurs or even it
can supply power to the AC sid&.representative topology givenin Figure13.

Following benefits may be expected in this kind of hybrid configurdé8h

- In case of electricity shortages, battery atr systems step and provide

continuous power to sensitive loads.
- AC side waveform distortion problems can be@mtered due to presence

of AC/DC convertershowever, DC loads may have a direct connection to a
DC bus in a hybrid structure thus eliminating some AC/DC converters.
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Figurel3. A Representativ@opologyfor anAC/DC Smart Grid

2.5 Literature review on Hybrid Smart Grids and AC/DC Load Flow

Renewable generatiorigve gained a significant place in the last decade with the
rising trend to abandon fossil fuel based electricity generdtlolzation of these
renewable distributed generators in the low voltage network resultadmore

decentralized power system and it has brought many advantages to both the

consumers and distribution syst¢2d].

Not only the trend was changing in the generation side, lead=salso evolved with
the advancement in electronics and it is shdkat DC distribution system can
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supplymost of the loads offices or commercial facilities in a more efficient way
[25]. Study in[26] stated thaaspowerelectronicdield developshome appliances
can bemodifiedfor integrationinto DC network andC supply can help to reduce
power consumption of these appliances resultingaibetter overall system

efficiency.

In another studyhow critical devices in hospitals, banks or other commercial
buildingsmay get benefit from a DC distribution systenstudied and it is indicated
that thesesystens are more favourableompared to AC systesiwwhen supplying
sensitive lods[27]. Even aprototypeDC house is designed as an alternativeafor
common AC house systefi28]. Another study that compares DC distribution
against AC distributiomasstated that EV chargingagtonscan also get benefit of

faster charging ability withigher voltage levels of DC grid29].

Some other comprehensive works have been done on DC grids regarding their
interconnection to AC network, how power quality is affected, standardization and
protection issues as well as different implementation topol§gids[31]. Since the
traditional electrical systens an AC dominant structur&ansition to completely

DC network is not going to be immediate, but will be a smoother one with the
adaption of DC gridsonstitutinga hybrid ond32]. Another study also focused on
economic aspects of AC/DC distribution systems and a planmétigodis proposed

for these systen{83]. Researches if84] showed that hybrid smart AC/DC systems

can get benefits of AC and DC systems.

Although various researcheshave beenconducted on AC and DC network
topologieshow to analyse load flow on these new type of hyB@DC and smart
distribution systems stayemh the sidelines. Some studies have been presented on

powerflow analysisof HVDC systems.

There are basically two kind ghethodsfor the load flow problemof AC/DC
systemghat are unified and sequentebproachesThe unifiedmethodinterprets
AC and DC equationwgethemwhereas they are solved separately in the sequential

method. Researchn [35] presentech VSC model with mathematical expressions
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to be usedor hybrid multiterminal AC/DC distribution networkegjuential load

flow algorithm andt is stated that converter modelling has an important role in the
power flow study and converter losses have significant impact on the load flow
results.Another study focused on the effects of converter outages and daults
steady state conditions of AC/DC hybrid systelysimplementing a sequential
method[36].

Researches ¢2] and[3] presentea unifiedmethodto be used iAC systems with
HVDC transmission networks incorporatimgilti-terminal voltagesource converter
(VSC). In those studies, it is indicated thagh number of iterative loops in a
sequentialmethodresults in acomplicatedalgorithm and requiremore time to
converge to a solution compared to a unified metRedearchs of[37] developed

a modified sequential AC/Ddoad flow analysisapproachand NewtorRaphson
iterationis usedto solveDC equationandmentionedapproachs implemented in
China Southern Gridl'his study indicated that sequential method may have severe
problems in some cases and may result in solutions that are not feasible in terms of
converterparameters, malgave interruptions and failures. Other than,tlha¥/SC
model for sequential load flow method is presented in deta[lB&). Again
researchers propospdwer flowalgorithmusing equivalent injected power rhetd

and created mathematical expression for VSC based HVDC sys{88].

In anotherstudy, the sequential algorithm performanseonpared to simultaneous
algorithmfor VSCbased HVDC transmission systamd NewtorRaphsoriteration

is implementedo solve AC and DC equatiofé0]. In [41], it is aimed tcanalyse
optimal load flow problem for an AC network incorporating many DC grids to
reduce the network electricigeneratiortotal costandthe solution is calculated by
changingthe AC/DC load flow problem toan AC load flow problem and using
semidefinite program relaxation techniqtrethe previously mentionestudies AC
and DC grids have their owespectiveequationswvhich areconvenient for HYDC
systems,whereas researchpresentedn [1] proposesan AC and DCcombined
equationdor hybrid AC/DCdistributionnetworks.
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CHAPTER 3

SYSTEM DESCRIPTION AND CONVERTER MODELS

To be able taleterminesteady state conditions of an electrical power netwosd

flow analysis isapplied Interconnecting nodes, branches, load and generator data
are usedo obtain a power system model ahi$ helps to evaluatgperating state of

a pover system under given characteristics. Thanks toldbd flow analysis,
possible problems can be predicted before a contingency occurs and thus, reliable
power systenoperationcan be maintained.oadflow studyalsohelps to plan future

network expansiamand economical operations.

At the beginning of this chapterysgem bus classificatiois given and converter
modelsare providedSince equations used in this analysis arelima@ar, NewtoR
Raphsormmethodis used andts applicationto an ordinary AC system is presented.
Later, derivationprocedureof the modified Jacobian matrix for an AC/DC hybrid

system is explained.

3.1  Description of System Busesand Converter Types

AC/DC distribution networksncludedifferent combinations oAC and DC buses.
For AC buses, there are three categops:

1. AC Slack Bus: This is the reference bus thawoltagemagnitudeandthephase
angle €) values are knowmitially. Active (P) and reactive (Q)owvers are
variables andthey are unknowat thebeginning

2. PQ Bus: This is the AC load bt which active and reactive powseconsumed
by connectedoads are known buth@seangleand voltage magnitudare not
known for this type of buses.
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3. PV Bus: This is the AC generatous. Generated active power andgnitudeof
the voltage arknown, however phase angled generated reactive powaitues

are variable.

For the DC Busesyoltage magnitudeand active power values are twasic

parametersTherearetwo types of DC busg4]:

1. DC Generator (V°) Bus: This is thgeneratobus thathevoltagemagnitude
is known but net active power injected is not known.
2. DC Load (P°) Bus: This is the bus thaet active power is known but voltage

magnitude isinknown.

Known and unknown parameters almwnaccading to bus types Table3. A tick
meansthe parameter is known whereasross meanghe paramegr is unknown.
Note that reactive power and phase amgénot an interest for a DC bugSCs are
used atheinterfacing buses of AC and DC grids and DC/DC converterstaized

to havea control over DC bus voltageshree different DC/DC converter typaad

one AC/DC converter model apeesented in this section; however, any converter
model can be implemented using the same procedure defined in here astlang as

voltage transfer equation of the converter is known.

Table3. AC and DC Bus Parameters.

Bus Type \% q P Q
AC Slack Bus| V Y, X X
AC PV Bus \Y X \Y X
AC PQ Bus X X \ \
Vdc Bus Vv - X -
Pdc Bus X - Vv -
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3.1.1 DC/DC Buck Converter Model

This converteproduces an output voltag@ver than theonverter supplyoltage.

It is widely used in power supply circuits of electronic devices and dc motor drive
applications.lt is alsocalled a stepdown converter. Converter output voltaige
adjustedy changinghe duty ratio (D) which is calculated by dividifigno duration

of the switch to the switching period

for abuck converter model {g3]:

© 0o (1)

3.1.2 DC/DC Boost Coverter Model

Output terminaloltageof this converter igreateithan the converter supply voltage.

It is utilized in power supply circuits of electronic devices and regenerative braking
of dc motor applicationsThe @nverter allowscontrolling its output voltageby
varying theduty ratia This converter ilsoknown asa stepup converter and the
equation or this converter model i#43]:

® (2)

3.1.3 DC/DC Buck-Boost Converter Model

This converter is formely cascadindpuck and boost converterBhereforejt may
havea voltageoutputgreater or lowethan the convertesupplyvoltagelevel. The
transfer expression f@buckboostconverter model i#43]:

Ow 3)
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3.1.4 AC/DC Converter Model

To be able tabtainan AC voltage from a DGource a voltage source converter
(VSC) is utilized. VSC is a bidirectional device allowing current reversal thus
enabling power exchange within the systerd @ is used for AC/DC conversion in
this study. AC and DQerminal voltages ofthis converterare related by the

modulation index (M) antheit is expressedsingthefollowing equation44]:

& 0 @ (4)

3.2 PowerFlow Equations and NewtonRaphson Method

To determinghe operatingstateof an electrical power systerfoad flow analysiss
performedandpowerflow equations can be obtained with the proceds@efined

in [42]. Now let . and k be the phasor voltagend current at bus n

T wQ
- - - (5)
® 0 @

For an AC systempjected current at busis

28



Then,injectedcomplex poweat bust becomes

v 2 ()

Using (9 in (7) gives that

Y owQ O @
(8)

W wé+ QiQE O @

Equation (8 can be resolved into real and imaginpayts to have active and reactive
power equations

0 ww 0 OEH+ 6 i Q
(9)

~

ww O i @ 0 we+

C

Now, suppose theraren nonlinearset offunctions’O T, roots xatk™ iteration

which is aré @ vector can be obtainda uilizing Taylor Serieg42]

W ® LW Ow (10
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wheres o dacobian matrix is

Qo . Q0.

r— E I

L st':) R £1*,) N
VW I'I‘é E ) ‘é N (11)

1$20 . QOp

U Qo U

Then,rearranging10) gives

Yo ) 0 Ow (12)

After finding Y& , one can mceed to next iteration with (1&nd this iterative

proceduras applieduntil the convergencis reached

&) ®» Yo (13

NewtonRaphson iterativesolution procedure can be applied to power flow
equations as well. First, implementation of NewRephson iteration in an AC
system is going to be explained and afterwards it is going to be extended for a hybrid
AC/DC system.

3.2.1 Implementation for an AC Sygem
For an AC systenmyoltagemagnitude anghhaseangleof the slack busre known

andhenceit is skippedin the iterative proces$Jnlessreactivelimit of a generator

busis violated,PV busvoltage magnitude is specifieshd henceno need to take it
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as an unknownTherefore,V and g are unknownsfor a PQ busandonly g is an
unknown for a PV bussothere areg0 0 unknownsIf bus 1 is assumeas

the slack bugheunknown vectowcanbe defined as

vl 3 o
Ny ‘4 chot8 )
1T
o for ‘ ’ (24)
LIET I LW

wo U

Solution procedure starts with an
magni t udes an phaséafgles axegassgreethen, ukimgithe assigned
values of &y injected active and reactive powéunctions,0 & and 0 &

respectivelycan beevaluated api2]

0 ® W 0 wéE4+ 6 i Qs
(15

ww O i Q& 06 wét+

CA
8‘

Note thatfunctions in (1% are evaluated using thmknownvectorwand they are

going to be referred as

W

C
C

‘ (16)
W

C
C

Reactive powelimit for each generator bushould be checkesalt each iterationA
generator bus is regarded as a PVdnlg if reactive powegeneratiorstayswithin
limits. If a reactive power limit is reacheaPV busis changedo aPQ bus with a

reactive poweinjectionequals tadheviolated limit
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If this is the case, thehe voltage magnitude of that bus appears as a variable in the
unknown vector and the mismatch vector and Jacobian mataxmodified
accordingly.

17

After continuing with next iteration, reactive powegeneration o PQ buswhich
was formerly a PV bydalls in limits, his time bus type changes from PQ to PV
again with a fixed voltage magnitudeext, specified powers are calculated with the
following equation (&)

C
C
C

. e e R (18)
0 o 0
Now, aim is to match specified powers with the calculated ases (19
0 0
. . 19
0 0
If equations in (1Pcan be arranged in the fof@w T, it becomes
Ay . LY
PR P a  chof8 i
“O(b 14 ~ ' for (20)
|l|‘) § Y 0 ‘l 6 (b
Il é . |”|
w o U
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This constitutes a paavy mismatch vectaienoted in (2L

YO
o ~ | . . .
.3,/%.. d choB
"™ N |U~ Y]
Ow Vo - for o (21)
11é LW
Wwo U
where
Y0 0 Ow O oé+ 0 [ Q¢
(22
Y0 0 ww O i Q¢ O Gé+

Here note tha¥0 is defined for each PV and PQ bus wher¥as is defined for
only PQ bugs So there arec0 0 powermismatch equation®Now, aim is
to drive these mismatch equations to zero and Newgghson iteration istilized.

Rearrangind12) gives
0w 0 Yo (23

For K" iteration, using (14) and (21) in (PRads to

Yo ., Y—.,

o oo L o o~ | e S

ISJIGT 1 I$,/e 1 K7 ChII"B h)

IVP X ‘LA 24
IYD Iyl v IY(b ! for . ¥, ( )
[1é [1én I L®

wo U wo
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andJacobian matrix is

Cc
Cc

0 . (29
where
, D »
v o
, [OSIN
YT
W (29
v o
, [V
YT

After obtainingYc , convergence is checkauth a prespecifiedoower mismatch
threshold- .

i |A@l‘j - (27)

solution convergeand iteratios stop If this is nd the case, iteration continuegth
the updated x vectamtil the mismatch criterion is satisfied.

3.2.2 Implementation for an AC/DC System

Previously giverequationdor an AC systenareextendedsothat they include DC
equations together withnknownduty ratios and modulation indexes for converters
operating in constant voltage mofte a hybrid AC/DC systemHere, another

classification is introduced for constant voltage controlled buses.
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If a PQbus is voltage controlled, it is going to be denoted as ACCWainglthe
unknowninstead othevoltage magnitudef b DC lbad bus is voltage controlled, it
is going to be denoted as DC@Yd duty ratias the unknown instead tievoltage

magnitudeTable4 summarizes the unknown parameters.

Table4. UnknownVariablesfor an AC/DC Hybrid System

Bus Type | Unknowns

AC PQ Bus| Vandq
AC PV Bus q

DC Load Bu Vv
ACCV Bus| M andq

DCCV Bus D

There is no unknown for a DC GeneratoPfyBus. Thenthe unknown vector x

becomes

q "nN 0O6h 01h I #
o Ul

| 1 N

IA,I,I hN 01

Ilel’l
@ ::Béf' for "in $# 1T AA (28)

11

w n

LIE N "pv I #H#6

lpn

uelv v v suse

Figurel4illustrates pssible load and generator connectionan AC/DC system
DC generators and loadsay have a connectioto an AC busand AC generators

and loadsnayalsohave a connectioto a DC Bus by utilizingAhC/DC converters.
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Figurel4. Generator and Load Connections for Different Bus Types

Specified power relations can be obtained accordingotmection typs. If a
generatoor loadis connectedo a bus through a convertghen power loss due to

power converter efficiency should be accounted with theviahlig equation$1]

5¢

> > ho xh i 0
0 0 0 ho o
h _if nis an AC Bus
~ * h * h * R * h
V] V] V) V) V) 29
" 8 .o h
0 o 0" nho" _ifnis a DC Bus
Power mismatches are
YO 0O 0
oo - . (30
Yo ¥} 0
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Mismatch vectofor anAC/DC hybrid system is defineds

i "nN PV, PQ, ACCV
o £ Ul
lbr 1
70 v "heo 01
Ilue,r 1
oo el "ivo$4 T AA (31)
[N}
YO
g n "pN I ##6
(V) |”|
ueu "IN S HH#G
Now using (B) and (3)in (23) gives
n’yg [l N}’% [l
L= 1 | rl
IYL,)\, I’I ’ ) ’ ’ |§§, I,I
1Ls 1 "’l,) U U U 8o
I y? n : :U v v v :I ly§ r (32)
IL? 1 |b 0 0 0 .’.ILe 1
YO n w 0 0 0 U’YU ]
g n g n
Ly n o n
ugu ugu

Forhybrid systems, in addition thereactive powelimits of PV buses, @ive power
limits forDC generator besshould be checked at each iteratibar conveniece,
Equationl7is repeatedhere

for PV Buses a7

A DC generator bus maintains specified voltage if calculated active power is within
limits of the generator. If active power limit is violatéghe of theDC generator bus
changes ta DC load bus and #éige power is maintained at thamit. The hus

voltage magnituden this caseppears as a variable in the unknown vector.
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for DC Generator Buse: (33)

After continuing with next iterations, tho¥C load buses which wefermerly DC
generator buses atbecked.flactive power generatiosf a DC load busgalls within

limits, bus typas changed back tObC generator bus again.

Now, Jacobian matrix is going to be investigated in more déiagt of all,0 is a
0 0 0 ® 0 0 0 matrix and it is thederivative ofPV,

PQ and ACCV busactivepowers with respect to voltage angle

—_
=0
z
C:
Cc
Cc

@ h " (34.1)
!Q_ -
Oisa 0 0 0 w0 0 matrix and it is the derivative of PV,

PQ and ACCV bus active pers with respect to PQ and DGad bus voltage
magnitudes.

¢

’ @ (342
0 O .

Oisa 0 0 @ 0 0 0 matrix and it is the derivative ¢1Q

bus reactive powers and D@ald busactivepowers with respect to voltage angles.

¢
b4
(@)
=
b4
(@)
(@)
C

(34.3)

%ﬂ

O isa 0 0 @ 0 0 matrix and it is the derivative dPQ bus

reactive powers and DO©a&d busactivepowers with respect to PQ and D@all bus

voltage magnitudes.
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—h "T~0 HI N0 0
0 e (34.4)
l‘rgﬁ "TNO HI N D 0 |
Qo
Disa 0 0 @ 0 matrix and it ishederivative of PV, PQ and

ACCYV bus active powers with respect to modulation indexes of converters which
are connected to ACCV bess

) - "I ND 0 0
0 P 34.5
m n I' N l'j ( )
Oisa 0 0 w0 matrix and it isthe derivative ofPQ bus reactive

powers and DCdad busactive powers with respect to modulation indexes of

converters which are connected to ACCVdxnis

Q’h "TNO RN
IP— 0 0
o b (34.6)
S A |
Q)
0isa 0 w0 0 0 matrix and it isthe derivative of ACCV bus
reactivepowers with respect to PV, PQ and ACBW¥svoltage angles.
(o I "1 ND
0 —nh i 34.
Q— "I N0 0 0 (34.1)
0isa 0 w0 0 matrix and it ishederivative of ACCV bus reactive

powers with respect to PQ and D@all bus voltage magnitudes.
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S e (348)
0 ——nh . 34.8
Qw A L 0
Lisa 0 w0 matrix and it ishederivative of ACCV bus reactiygowers

with respect to modulation indexes of converters which are connected to ACCV

buses

0 @ h "TH ~ 0 (34.9)
o .

0 isa( 0 0 @ 0 matrix and it ishederivative of PV, PQ and
ACCV bus activepowers with respect to duty ratios of converters which are
connected to DCCV bes

) - "T v ) 0 0
0 —_— 34.10
(9.0 "N ( )
O isa 0 w0 matrix and it isthe derivative ofPQ bus reactive

powers and DCdad busactive powers with respect to duty ratios of converters
which are connected to DCCV lass

h "T~0O RI NG
0 o 3411
L TR N
w'ao
O isa 0 w0 matrix and it is the derivative of ACCV bus reactive

powers with respect to duty ratios of converters which are connected to DC&3/ bus

o h (34.12
‘0 "N )

40



0 isadl @ 0 0 0 matrix and itcorresponds tthe derivative

of DCCV bus active powers with respectRY, PQACCYV bus voltage anglesnd

it is nothing but zero.

' . "T N D
v mth . y . . (3413
"I N U U
0O isa 0 w0 0 matrix and it isthe derivative of DCCV bus active

powers with respect to PQ and D&ad bus voltage magnitudes.

' & h (34.149)
V] — . ,, ” ’
Q "IN ) 0
0 isal w0 matrix and it ishederivative of DCCV bus active powers

with respect tomodulation indexes of converters which are connected to ACCV

buses
sQ":") . n T N 6
0 ——h 34.1
’Q) n i N 6 ( 5)
0 isa w0 matrix and it ishederivative of DCCV bus active powers

with respect taluty ratios of converters which are connected to DCC\é$us

h "TH ~ 0 (34.16)

8| e

As is the case with A@ad flow analysis, Jacobian matrix is composedaftial
derivatives ofctiveand reactive power functions with respecsystem unknowns.
On the other handgincethere isa possibility to have a bus connected to different
type of buses with a variety agbnverters, instead of defining a general bus power

injectiond @ andd @ as in (11),summation of line flows areonsideredand
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their respective derivativeseacombined. An example case is illustraiedrigure

~ ~ ~

15. For this kind of a situation( 0 0 0 andl 0 0
0 are bus 1 power injections aifidne wants to findhe partial derivatef 0 with

respect to voltage magnitudeés w o and®

1) D
o "
o ,7 (39
Q Q
- M ——— T
Qo Qo
1) (0]
[ TT Tt _—
Qo Qo
AC Line AC
> Bus
PAC V,286,
AC
12
P{f
AC el DC Line — AC
BUS L N P, I N I — B
:rlc > £ 7> A us
viz0, | 1 ac P’ V326,
i‘4 ¢ vy P 14
AC
~ 14
DC Line L= bC
> | . Bus
Pﬁc Vs

Figurel5. An AC Bus Connected to Different Busses
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In a more general forpactive and reactive power injectioai®

(36)

In short, vhen finding derivatives of these functions with respect to variables in the
unknown vectorw in order to use in Jacobian matrix, one can benefit from this
summation alsoThe implementation of NewteRaphson iterations in an AC/DC

system is illustrated iRigure 16 below.

Read AC & DC
Bus and Branch Data

|

Initialize Unknowns No
O, Vi, M, D, &, k=1 Convergence
l YES
Calculate
o her NO
R:pcr., :lpcr (qug)
Py:_alr:' Q;air: {Ean}
k=k+1

Qg = Q}f’“"'t for AC (Eq.17) Is a Gen. Limit

Pg = P{™ for DC (Eq.33)

!

Update PHCQIC, ?riuic
| | calculate AR, AQ,

Violated?

Update Unknown Vector
xktl = xk 4 AxK
F

(Eq.30) Find Ax¥ (Eq.32)
l Axk = [J¥]71F (%)
Form Mismatch Vector F (x) 1
(Eq.31)
Form [J¥]
YES NO

Print Results

Figurel6. Flow Chartof the PresenteAlgorithm
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3.3 Line Power Flows for Different Connection Types

Hybrid systems may include different combinations of AC and DC buisdhis
part,power flow equations aregn for various caseand partiaderivatives which

are used inakobian matrix are provided.

Case 1AC Bus-AC Line-AC Bus

This case is illustreed in Figure 17. Line flow equationdor active and reactive

powersare as followg1]

D 0w Q 0é+ o i Qe
o (37)

0
0 w0 OO Qi Q O 0Oé&+

Derivatives of line flow equations that are going to be used in Jacobian matrix are

(39

1% 6 7% 1% B of 72 7
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AC AC

b
r

Bus Bus

Vin By, PAS, Q4¢ V.26,

Figurel?. A Representative Schema foase 1

Case 2AC Bus-DC Line-AC Bus

Unlike the first case, this timen AC bushas a connectioto anotherAC bus with a
DC line and VSCs as shown Higure 18. First, DC active power flow can be

calculated afl]

0 0 ®O (39

where

O Q 0 w U w (40

Also note thatAC and DC side activepowers are related with the converter

efficiency depending on the power flow direction.

s . P )
(0] v - if 0 W LV
h
0 0 h if 0 o 0 o (41)
N - ™ )
0 0 e T®h if 0 W UL
Bus > ~= I > I =~ Bus
yd ya
ol P VO

Figurel8. A Representative Schema foase 2
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After combining (39), (40) and (4 kctive and reactive power flovarecalculated

as(42), (43) and (49.

. Q .
0 Q 0 o 0 wd w — 1Qh
h (42)
0 0 O B¢
where o pi Q n if 0 © 0 W
KOTN | T p if 0 o 0 (43)

Derivatives of line flow equations f@ase 2 that argoing to be used in Jacobian

matrix are[1]

o M o ™M o ™M oo T
7Y Q U Z¢cw U UV W r Qh
o °Y T

D . Q.

O Q 0 U r Qh

7l 0 we z'Qd) (49
(03] , Ko
T Q ¢ 0 WL r Qh
T 0 ¢ Z,Q,)

D fol

T Q 0 wL Y Qh

T 0 ¢ Z,Q,)
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Case 3AC Bus-DC Line-DC Bus

In this configurationan AC bushas a connection ®DC busand theyare connected
with aDC line. VSC at AC bus converts AC voltage to DCilasstratedin Figure
19. Here loadflow equation is written from the AC side of the connectiarilowing

same procedure described ira€e 2

0 0 0 Q 0 w (45

AC side power flow equations are

o Ko
0 Q 0 o 0 ww — 1Qh
h (46)
0 0 O (¢
where
N ph Q m if 0 ®
O om Q p if b ® (47)
T ™M Q m if 0 » o
-1
AC My DC
Bus 7 A"= I 7 Bus
Vil | P35, 0t PaS Vr

Figure19. A Representative Schema foase 3
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Derivatives of line flow equations ford3e 3are

Q)— Q 0 zcw 0 w 2 "Qh

Qw h

o 29t T

Q)— Q 0 Q Qh

Qo h

e b BE o (49
QJ— Q ¢ o 0 ow B "Qh

QD h

o 0@

Case 4 AC Bus-DC Linei Buck-DC Bus

This casencludesa DC/DC buck convertem addition to theonfiguration which is
described in Case 3 akownin Figure20. Active power flow can be expressed as

0 0 Q@ 0 ® O ® (49)
AC MV Dy Vo DC
Bus > NE_I I > I A Bus
Vastln | pAC Qac BP¢ BUCK Vin

Figure20. A Representative Schema foase 4
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AC side power flonequations are

0 M 0 w 0 O ww — ™Qh
h (50
0 0 o @&
where
N ph Q m if 0 ® O w
Q m Q p if 0 ® 0O (51)

N mm Q m if 0 o 0O w

5 Q U Z¢cw L O w Y Qh
o Y T

D , Ko

Tl Q 0 O w r Qh

™ Y Tm

. (52)
Q , Q

T Q ¢ 0 O ww r Qh
Q)— 0O we ZQ)

;Q'?)’ ) ' ’ ’?’Q .

0 Q L O ww Y Qh

o Y "o

49



Case 5AC Bus-DC Linei BoostDC Bus

This is the same version of Case 4 ext¢bpt AC to DC bus connection is made
through aDC/DC boost converterThis cases illustratedin Figure21 and ative

power flowis calculatedas

0 b wQ 0 w p O (53)

AC side power flow equations are

h (54)
0 0 O B¢
where
Q ph N m if 0 © p O
ORI 4 T p if 0 @ p O (55)
T O m 0O ™ if 0 o p O
AC M:;'r:rl'tp;t (1 - Dmnjvm DC
Bus > NE_I I > I =_ Bus
Valn | BAC, 0AF, P BOOST Vin

Figure21. A Representative Schema foase 5
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Derivatives of line flow equations for&3e5 are

Q.
QUZco’oupOwF‘Qh
0 e Zd)
(9]
'?‘Q N
Q 0 p O w m Qh
(0¥
— (56)

Case 6 AC Bus-DC Linei Buck/BoostDC Bus

In this caseAC andDC busconnection is madeith aDC/DC buckboost converter.

System is illustrated ifrigure22. Active power flow on the line isxpressed as

0 0 ®Q 0 o O p O (57)
AC MT:TJ?:IH’.I Dr:xia(l o DT]’!?’I)VT’?’I DC
Bus 7 I > I i Bus
Va0 | PAC QAC ph¢ BUCK-BOOST Vin

Figure22. A Representative Schema foase 6
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AC side power flow equations are

. Q .
0 M 0 w 0 O p O ww — Qh
h (59)
0 0 0 ¢
where
N ph Q m if 0 @ O p O
T m Q p if b w O p O w (59
Q ™ Q m if VU w O p O w
Derivatives of line flow equatianfor Case Gare
@ Q z 0 O O 0 Qh
O 0 cw 0 p W+
@ 0 e Zrﬁ
@ Q (@] (@] 0 Qh
X v P “® T
@ 0 we Zrﬁ (60)
o Q O 0O wa 0 Qh
o U w U p ww
& 0 We ? @
o Q (@] 0 Qh
O 0 ww
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Case 7DC Bus-DC Line-AC Bus

In this configuration,a DC line connects a DC bus to &C busand wltage
conversion is performed with a VSC connected at the Aasshownin Figure23.

Active power flow can be expressed as

0 wQ w 0 W MM o 0 ow

(61)

Here since there is no converter connected at the DC bus, efficiency constant is not

presentn the equationNote that because equations are written from the DC side,

there is no reactive power equation aedvtives of line flow equations for&se7

are adollows
e Q W W
O C 0
@ Q 0 (62
Qo
2 Q Ww
D 0
Bus > I =~ Bus
V, pbc VindOn

Figure23. A Representative Schema foase 7
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Case 8DC Bus-Buck-DC Line-AC Bus

In this case, ®C bushas a connection to an AC buih a DC linethroughaDC/DC
bud converterasillustratedin Figure24. Active power flow can be gxessed as

~
g

- Q .
5 0 60 b O Gd 4 on (63)
where
Q ph N m if O w 0
T m T p if O w 0 W (64)
T ™M QO ™ if O w 0 W
Derivatives of lineflow equations for @se 8 are as follows
o Q 0’0 0 O 0 Qh
o Cw 0 W H
@ Q 0 O 0 Qh
oR) v “® T
~ . (65)
D Q 0O ww 2 Qh
D v h
& Q (@] 0 wa 0 Qh
0O ¢cO w 0 ww 4
Y = I % I —
Bus > - > Bus
B, =1 pDC ) e
v BUCK. nm Vins 6,

Figure24. A Representative Schema foase 8
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Case 9DC Bus-BoostDC Line-AC Bus

In this configuration, &©C bushas a connection tan AC busthrougha DC/DC
boog converterasgiven inFigure25. Active powerflow can beexpressed as

~
¥

- Q .
5 ' ep O 0 p O 4o - O (66)
where
Q  ph N m if P O w 0
ORI} T p if P O w 0 w (67)
T ™ 0O ™ if p 0O w 0
Derivatives of line flow equations for&3e9 are
o Q ; O O 0 Qh
R Cw p 0 p R
@ Q (@] 0 Qh
o v © 5
o~ . (68)
D Q 0O wa 2 Qh
o 4] p ww H
D Q 0O « 0 Qh
0 ¢p w b ww -
DC [’;1(1 - Dﬂ'm) M;’t}i Vm AC
N | 5 =
Bus > 2 Bus
P =l | DC I~
| o BOOST Fam Vint 6,

Figure25. A Representative Schema foase 9
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Case 10DC Bus-Buck-BoostDC Line-AC Bus

In this case, ®C bushas a connectioto an AC bughrougha DC/DC buck-boog
converterasgivenin Figure26. Active power flow can bealculatedas

. ) wp O p O ww 0O . (69)
v « 0 0 0 noon
where
N ph Q m if O p O w 0 W
0 on Q p if O p O @ 0 & (70)

0 ™ Q ™ if ©O p O o 0 ®

Derivatives of line flow equations for&el0 are

(03] ) cop ©O p O o O .
w 0 T 0 o5 "
o §o) P © 0 Qh
Qw O 0 h
(03] . p O ww 0V .
@ 7 "0 o (7
D o . p ©O p O ww P
0 ‘@ 70 0 6 O
p O Q.
O h @h
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Bus P?: i I pif I Ve Bus
V m V. z8
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Figure26. A Representative Schema foase 10

Case 11DC Bus-DC Line-DC Bus

Two DC buses are connected togethehwatDC line asllustratedin Figure 27.

Active power flow can be expressed as

N o ow (72)

C

Derivatives of line flow equations for&3ell are

SV L
o Q Ccw W
o~ ) | (73)
o Q w
DC DC
Bus > Bus
Vo P Vn

Figure27. A Representative Schema f0ase 11
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Case 12DC Bus-Buck-DC Line-DC Bus

Figure28 shows connection of two DC busgigh aDC/DC buck converterActive

power flow can be expressed as

. Q .
0 Q wO 0O ww r ‘Qh (74)
where
N ph Q mw if 0O w
O m Q p if 0 ®w (75)
M ™M QO ™ if 0O w W
Derivatives of line flow equations for&3el2 are
& Q h)O) (@) 0 "Qh
o cw “ h
(0] , Ko
@ Q ANO) O 0 "Qh
0 cw we g
V.D. x
DC monm DC
Bus P: =_ I > Bus
e DC
Ha o BUCK an I’;n

Figure28. A Representative Schema foase 12

58



Case 13DC Bus-BoostDC Line-DC Bus

Figure29 shows connection of two DC buses witb@/DC boost converter. Active

power flow can be expressed as

. : : . Q. 77
0 Q wp O p O oww r Qh (7"
where
N ph Q m if P O »
N T p if pP O w w (78)
T Om QO ™ if P O w
Derivatives @ line flow equations for @se 13are
@ Q 0O O © Qh
o @ P P © W
0 , Ko
& Q ; (0] 0 Qh
F Cw p ww F
DC I";ﬁ! (1 - Dn m) DC
Bus P}- =_ I > Bus
— DC
Hl nm BOOST Pn m L’;n

Figure29. A Representative Schema foase 13
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Case 14DC Bus-Buck-BoostDC Line-DC Bus

As Figure 30 shows, two DC buses are connected witlb@DC buckboost

converter Active power flowing from DC bus n can beitten as

. L , , , L. Q. 80
0 Q w0 p O O p O oww r Qh (80)
where
M ph QO m if 0O p 0O ®w W
QT m Q p if O p 0 ®w (81)
T ™M QO ™ if O p 0 0w w
Derivatives of line flow equations for&3el4 are
o Q 0’0 0O 0O 0O « ° Qh
PP PRe g
@ Q (@] 0O « 0 Qh
ot P © W
7 (82
D Q w O O O 0O
0 C P p
e Q
wwO0 — 10Qh
h
Bus P:: == I > Bus
1’;1 nm PHD?E Hr:
BUCK-BOOST

Figure30. A Representative Scherfar Case 14
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Case 15DC Bus- DC Line-Buck-DC Bus

Figure31lillustratesthe connection of twdC busswith aDC/DC buck converter

and a DC line Active power flowcan be expressed as

MM o 0O ww (83)

C

Derivatives of line flow equations for&3el5 are

5 Q co O w
= @ 0o (84)
0 Q O ww
DC Dm}E Vm_ DC
Bus > I pa Bus
Va P BUCK Vin

Figure31. A Representative Schema foase 15
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Case 16DC Bus- DC Line-BoostDC Bus

Connection of two DC buses with@C/DC boost converter is giveRigure 32.

Active power flow can be expressed as

W o p O OO (85)

C

Derivatives of line flow equations ford3el6 are

D

o Q ¢cv p O

SV S

0 Q p O w (86)

0 Q ww
DC (1 T Dmn)vm DC
Bus > I == Bus
I";L PnDrE BOOST H?l

Figure32. A Representative Schema foase 16
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Case 17DC Bus- DC Line-Buck-BoostDC Bus

Connection of two DC buses withxC/DC buckboost converter iglustratedin

Figure33. Active power flow can be expressed as

W 0 p O B 87)

C

Derivatives of line flow equations ford3el7 are

sm '
o Q ¢cwv O p O

[V -~

'Q’S '

Thisconcludes alpartial derivatives which are required when obtaining the Jacobian

matrix.One can easily construct required Jacobian matrix by properly utilizing given

eqguations.
DC D;;(I_Dmn)vm nc
Bus > I =_ Bus
v pDC — 4
n nm BUCK-BOOST m

Figure33. A Representative Schema foasel7
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CHAPTER 4

IMPLEMENTATION IN  VARIOUS TEST SYSTEMS

Proposed loaflow algorithm is implemented in MATLABNumber of buses, bus
types, specified voltage magnitudes, generator and loaqd lilsatypes, line
impedances and converter typase all provided in & e p a nx#otfile and
MATLAB readsnecessary data from itn this chapterload flow algorithm is
implemented invarious test systemsand results are presented togethveith the
results produced by PSCAD/EMTDC softwaesd generalized reduced gradient
(GRG) methodProposed load flow algorithis executed on aatnputer with Intel
Core i5 M480 2.67GHz CPU, 6 GB RANs4 bit.

4.1 Test System

First of all, proposedoad flow calculation method is utilized an sample AC/DC
distributionsystemwhich has 13 buses and four VS&sFigure 34 illustrates[1].

VSC converters are implemented for AC to DC conversion and load data information
is provided for each bus. First bus is chosea slackbus(or reference busgnd it

has fA1l.05 p.u. o0 volt aphase anglgg BDC linescre alson d
incorporated with AC lines and line flows acalculated.VSCs havedifferent

modulation ndexes and the efficien€lp of all convertersare 98%.
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Vi =1.05p.u. @
S e
2

P =2o0mMw  pPMAC = 25 Mw
Q3% = 0.aMvar QL4C =05 Myvar
V3 = 1.0p.u.

GAC = 55 MW 3_ 10

PS -
®_' T ~ A =10 MW

—] = L.AC
l V=095 Qs = 0.1 MvAr

PMC = 15 Mqw

Lc = 0.2 MVAr | 411

Q9
M=0.99 |-Z__' |

4

PFPC = 1.0 MW

5 6

Vs = 1.0 p.u. -
@—» PEPC = 1.0 MW +—

L L

Figure34. Representation ofest Systenh

Ve=10p.u.
PB“C 2.5 MW

Base value fothe complex power is 10 MVA, DC base voltage is 6.8 kV and AC

base voltage is 4.16 k\Power factorsg 95% forall converters and all VSCs are

operating in constant modulation index moBas typesaregivenin Table5 and

generators active power ratings and reactive power langgrovided imable®6.

Table5. Bus types ofrest System |

Bus Type Bus Number
AC Slack Bus 1
AC PV Bus 3,8
ACPQBus |2,7,9, 10,11, 12, 13
Vdc Bus 5
Pdc Bus 4,6
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Table6. Generator Limits oTest System |

P Limit O Limit
Pmax Pmin Qmax amin
Generator
(MW {MIWW) (MVAr) | (MVAr)
G2 - - 0.75 0.1
G3 2 0.5
G4 - - 0.75 0.1

AC and DC ine impedances apgovided inTable7. Note that DC lines only have
DC line resistances. The load flow algorithrmeiecuted 10 timeis MATLAB on

a computer with i5 2.6GHz processor, 6 GB RAM and average execution time is
foundas 24.5 ms, whereasduced gradient algorithm execution tim¢lihis stated

as124ms on a computer with i7 3.4GHz processor, 8 GB RAM.

Table7. Line Impedances of Test System |

Between Buses G+jB (1)
1-2 0.2218+j0.363
1-9 0.2218+j0.363
2-3 0.887+]1.4520

3-10 0.05+]0.754
3-11 0.05+]0.754
4-5 0.2208
4-11 0.4415
5-6 0.2208
6-13 0.4415
7-8 0.4435+)0.726
7-12 0.05+]0.754
7-13 0.05+]0.754
8-9 0.4435+)0.726
10-12 0.883
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Algorithm convergence criteria iset such thathe maximum absolute value of
mismatchshould beless thanp 11 p.u. and after four iterationsalgorithm has
convergedand no generator limits are violatéhalysis results and generatidata

are provided inTable 8 and Table 9 respectively in comparison with other
approachesResults indicate that all three methods converge almost to same results
and they are consistent with each other.

Table8. Load Flow Resultsf Test System |

PSCAD Reduced Gradient
Proposed
[1] [1]
Bus
Voltage | Phase 8 [Voltage| Phase 8 (Voltage| Phasef
{p.u.) |(degrees)| (p.u.) |{degrees)| (p.u.) |{degrees)
1 1.050 0.000 1.050 0.000 1.050 0,000
2 1.013 -2.072 1.013 -2.077 1.013 -2.063
3 1.000 -2.430 1.000 -2.464 1.000 -2.464
4 0.997 - 0.997 - 0.997 -
5 1.000 - 1.000 - 1.000 -
5] 0.994 - 0.954 - 0.934 -
7 0.946 -6.643 0.946 -b.640 0.946 -b.646
8 1.000 -2.984 1.000 -2.979 1.000 -2.979
9 1.004 -2.637 1.004 -2.650 1.004 -2.630
10 0.988 -4.024 0.988 -4.107 0.988 -4.068
11 0.992 -3.583 0.992 -3.627 0.992 -3.610
12 0.956 -4.966 0.956 -4.988 0.956 -4.985
13 0.951 -5.808 0.951 -5.840 0.951 -5.787
Table9. Generation Data ofest System |
Generation
Proposed PSCAD [1] Reduced Gradient [1]
Generator Active |Reactive | Active Reactive Active Reactive
Fower P | PowerQ | Power P | PowerQ | PowerP | Power(Q
(W) [MIVAr) [ W) [WIVAr) [ W) (WA
51 459208 1.2398 45240 1.239%0 459210 12399
G2 2. 5000 0.5253 2.5000 0.5305 2.5000 0.5300
53 18704 - 18726 - 18701 -
54 2 5000 0.4241 2 5000 0.4266 2. 5000 0.4238
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Maximum deviation of the voltage magnitude from the PSCAD rdsultthe
presented methodologyan be calculated as

B0 0 s Q010 Q6 QB VABV@I 640 (©9)
VoAU Lwodd® 5 Y6 oY@ 6 a0 P

and itis just 0.04% which is the same tbereduced gradient methodoltage phase
angle maximum deviation is 0.94% for the reduced gradient method and 1.29% for
the proposed algorithm. Power flows are giveiiable10 and thetotal system loss
including line and converter losses is found as 0.291 MW + 0.489 MVAr.

Table10. Power Flows offest System |

Proposed PSCAD [1] Reduced Gradient [1]
sending |Receiving Active |Reactive | Active [Reactive| Active Reactive
Power P | Power Q| Power P | Power Q. | Power P | Power Q
(MW} MV Ar) (MW {MVAr) (W) (MW Ar)
1 2 2.1826 0.5734 2.1860 0.5716 2.1830 0.5733
2 1 -2.1234 | -04765 | -2.1270 | -0.4744 | -2.1238 -0.4764
1 9 2.7382 0.6664 2.7370 0.6670 2.7380 0.6666
9 1 -2.6458 | -0.5153 -2.6450 | -0.5160 | -2.6457 -0.5156
2 3 0.1234 0.0765 0.1269 0.0744 0.1238 0.0764
3 2 -0.1224 | -0.0748 | -0.1258 | -0.0727 | -0.1227 -0.0746
3 10 0.6561 0.2364 0.6572 0.2380 0.6564 0.2365
10 3 -0.6547 | -0.2152 | -0.6520 | -0.2120 | -0.6550 -0.2153
3 11 0.4663 0.1637 0.4676 0.1651 0.4663 0.1637
11 3 -0.4656 | -0.1530 | -0.4630 | -0.1503 -0.4656 -0.1530
5 -0.5457 - -0.5479 - -0.5457
5 4 0.5471 - 0.5493 - 0.5471
11 -0.4543 - -0.4521 - -0.4543
11 4 0.4562 - 0.4541 - 0.4563
7] 1.3233 - 1.3233 - 1.3230
-1.3149 - -1.3149 - -1.3147
i} 13 0.3149 - 0.3149 - 0.3147
13 4] -0.3139 - -0.3140 - -0.3137
7 8 -1.5730 | -0.2202 | -1.5750 | -0.2230 | -1.5729 -0.2201
] 7 1.6453 0.3385 1.6470 0.3417 1.6452 0.3385
7 12 -0.6196 | -0.1838 | -0.6192 | -0.1826 | -0.6200 -0.1838
12 7 0.6210 0.2041 0.6236 0.2075 0.6213 0.2042
7 13 -0.3074 | -0.0961 | -0.3061 | -0.0944 | -0.3071 -0.0960
13 7 0.3077 0.1011 0.3106 0.1040 0.3074 0.1011
8 9 -0.1453 | -0.0144 | -0.1443 | -0.0151 | -0.1452 -0.0147
9 8 0.1458 0.0153 0.1449 0.0160 0.1457 0.0156
10 12 0.6416 - 0.6420 - 0.6419
12 10 -0.6336 - -0.6341 - -0.6340
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Now, to evaluatethe algorithmperformancen all aspectsoperating modes of the
VSCs connectedcat bus 13and bus 10 arehangedrom the constant modulation
index modeto the constant voltage mod&.oltage magnitudef bus 13is held at
0.951 p.u. andoltage magnitudef bus 10is held at 0.988 p.uby VSCsto be
consistent with therevious systemrhis modified distribution system is illustrated
in Figure35. Two new unknownsi and0 areintroduced and they are

i ni tial iathedbegnsingfi 1. 00

After applyingthe proposed algorithm, it has successfully converged to a solution in
four iterations. Average time of 10 executions found to be 31.5 ms and unknown
VSC modulation indexes together with unknown boisages are calculated as given

in Table11.

AC
V, = 1.05p.w. pe
g, = 0°
2 : ! 3

PMC =20MW  PMAC =25MW

Q:4° =04 MVAr Q%% = 0.5 MVAr

¥V, =10p.u.

Vip=0.988 p.u I, = 1.0p.u
pE4 = 25w 3

10
Myg_12 =7 o+ PSAT = 25 MW

e lJ.EIx-AI:' =1.0MW '-__ ‘—@

L4S _ 01 MVAr [

P4 = 1.5 MW
LAC _
Q=02 MVAr J11

7 P =25MW

12
T L Q%" =0.5MVAr

>l |
M=0.97 =5
h

qlg
~, Vi3 =0.951p u.

Myz.6 =7

M=0.95

Figure35. Representation d¥lodified TestSysteml
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Tablell Results oModified Test System |

Bus Voltage | Phase B Bus Voltage | Phase B
(p.u.) |(degrees) (p.u.) [({degrees)
1 1.050 0.000 9 1.004 -2.653
2 1.013 -2.088 10 0.988 -4,167
3 1.000 -2.523 11 0.992 -3.609
4 0.997 - 12 0.937 -4.,920
5 1.000 - 13 0.951 -5.808
6 0.994 - Other Unknowns
7 0.946 -6.624 Mgy = 0.9893
8 1.000 | -2.970 My3-¢ =0.9599

Results show the consistency of the method that modulation indexes are very close
to the previous case, where VSCs are operatirtaronstant modulation index
mode,to be able tsustairthe same voltage magnitudes with the first case on bus 10
and bus 13. Modulation index difference from the previous case is 0.0aD7 for

and 0.0001 fob

4.2 Test System Il

Thissample distributiosystem includes 33 buses with various loadscamyerters
asillustratedin Figure36 [1]. Proposed load flow analysis methisgerformedon

this 33-bussystemwith sevenVSCs operating in constant modulation index mode
and many AC/DC converters connected to various ldaatsd power demandsre
given inTable12 and lineimpedancesareprovidedin Table13. DC base voltages
20.67 kV and AC base \alge is 12.66 kV. Base power is taken as 10 MVA, power

factor for VSCs and the efficiencit ( of all converters are 95%.
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Figure36. Representation dfest System ||
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Tablel2 Load Power Demands dest System Il

AC Load DC Load AC Load DC Load
Load pLAC | QLAC | pLDC | | .4 pLAC | gLAC | pLDC
@Bus | (kw) | (kvar) | (kw) | @Bus | (kw) | (kvar) | (kw)
1 - - 13 45 20 45
2 200 120 19 180 80 -
3 180 80 20 180 80 -
4 240 160 21 300
5 125 60 22 90 45 30
6 200 100 23 130 100 -
7 200 100 24 115 60 -
8 120 70 120 25 300 100 300
E] - - 120 26 60 35 60
10 - - 120 27 200
11 - - 300 23 120
12 120 70 29 g5 35 -
13 B0 15 B0 30 100 60 100
14 400 200 31 170 50 -
15 260 105 32 145 70 145
16 - - 60 33 240 160 -
17 - - B0
Tablel3. Line Impedances dfest System Il
Between Buses G+B (1) Between Buses G+B (1)
1-2 0.0922+j0.0470 15-31 2.0000+j2.0000
2-3 0.4930+0.2511 16-17 25780
2-19 0.1640+j0.1565 lg-22 4.0000
34 0.3660+0.1864 17-18 1.4640
3-23 0.4512+j0.3083 18-33 1.0000
4-5 0.3811+j0.1941 15-20 15042+j1.3554
-6 0.819+j0.7070 20-21 0.8150
67 0.1872+j0.6188 21-22 14178
G-26 0.4060 23-24 (0.8980+j0.7091
7-8 14228 24-35 0.8960+j0.7011
g-9 2.0600 25-29 0.5+j0.5
8-21 4 0000 26-27 0.5684
9-10 2.0880 27-28 2.1180
10-11 0.3932 28-29 1.6084
11-12 0.7488 29-30 0.5075+j0. 2585
12-13 1.4680 30-31 0.9744+j0.9630
13-14 0.5416 31-32 0.3105+j0.3619
14-15 0.5810 32-33 0.3410+j0.5302
15-16 1.4526
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Firstbus isassigneé s a

phase anglare assigned/oltage magnitudesf other generator busease specified
P8t 1D W
VSCs are listed iTable14. Generator power ratings and limits atsoprovided in

asw P8t 8w

Tablel5.

Table14. VSCModulationindexes ofTest System I

sl ack

p8t ¢1&8andmodulation indegs of d

bus

VSC @ |Modulation

Bus Index

6 0.97

7 0.99

12 0.97

15 0.96

20 0.99

29 0.98

33 0.96

Table15. Generator Ratings dfest System |l

and

Generator P amax Qmin
(MW (MVAr) | (MVAr)

G2 0.5 0.25 0.05
=3 0.25
G4 0.25
53 0.25 - -
61d] 0.5 0.25 0.05
G7 0.5 0.25 0.05

NewtonRaphsonterative methodbasedalgorithm is implemented in MATLAB and
resultsof this method andeduced gradieripproach are compareéigorithm is

converged witta maximum absolute value of mismatmingless tharp 1t after

five iterations
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Analysis result@ndgeneratiordata are provided ihablel6 andTablel7. Voltage
magntude and phase angle discrepabetweertheproposedpproactand reduced
gradientmethodis 0.01%maximum

Tablel6. Load Flow Analysis Resultef Test System Il

Proposed Reduced Gradient [1] Proposed Reduced Gradient [1]
Bus Bus
Voltage | Phase® | Voltage | PhaseB Voltage | PhaseB | Voltage | Phase
(p.u.) |(degrees)| (p.u.) |[(degrees) (p.u.) |(degrees}| (p.u.) [(degrees}
1 1.0500 0.0000 1.0500 0.0000 13 1.0393 - 1.0393 -
2 1.0471 -0.0097 1.0471 -0.0097 19 1.0450 -0.0593 1.0450 -0.0593
3 1.0378 -0.0278 1.0378 -0.0278 20 1.0287 -0.4395 1.0287 -0.4395
4 1.0336 -0.0368 1.0336 -0.0368 21 1.0370 - 1.0370
5 1.0300 -0.0511 1.0300 -0.0511 22 1.0371 - 1.0372 -
6 1.0191 -0.2769 1.0191 -0.2769 23 1.0348 -0.0534 1.0343 -0.0534
7 1.0187 -0.2989 1.0187 -0.2989 24 1.0300 -0.1185 1.0300 -0.1185
3 1.0292 - 1.0292 - 25 1.0224 -0.2187 1.0224 -0.2187
9 1.0267 - 1.0267 - 26 1.0495 - 1.0495
10 1.0243 - 1.0248 - 27 1.0481 - 1.0481
11 1.0243 - 1.0243 - 28 1.0437 - 1.0437 -
12 0.9932 -0.6232 0.9932 -0.6232 29 1.0200 -0.2249 1.0200 -0.2249
13 0.9921 -0.6657 0.9922 -0.6657 30 1.0140 -0.2491 1.0140 -0.2491
14 0.9922 -0.6636 0.9923 -0.6636 31 1.0023 -0.5036 1.0023 -0.3056
15 0.9945 -0.6294 0.9945 -0.6294 32 1.0001 -0.5722 1.0001 -0.5722
16 1.0369 - 1.0369 - 33 0.9982 -0.6348 0.9982 -0.6349
17 1.0388 - 1.0388

Tablel7. Generation Data dfest System Il

Generation
Proposed Reduced Gradient [1]
Active Reactive Active Reactive
Generator
Power P | Power Q | Power P | PowerQ
(MW (MIVAT) (MW (MIVAT)
=51 4.3435 1.8900 4.3435 1.8900
G52 0.5000 0.1400 0.5000 0.1400
53 0.2500 - 0.2500 -
54 0.2500 - 0.2500 -
55 0.2500 - 0.2500 -
GG 0.5000 0.2435 0.5000 0.2435
=57 0.5000 0.0819 0.5000 0.0819
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Line flows are provided in Table 18 and total system loss including line and
converter losses is calculated @399 MW+0.380 MVAr Reduced gradient
algorithm execution time is stated as 207 ms on a computer with i7 3.4GHz
processor, 8 GB RANI]. Proposed NewteRaphson based algorithm is executed
10 times in Matlab on a computer with i5 2.67GHz proces8cGB RAM and

average execution time is found as 44.2 ms.

Table18. Power Flows offest System I

Newton-Raphson | Reduced Gradient [1] Newton-Raphson |Reduced Gradient [1]
Sending | Receiving Active | Reactive | Active Reactive Sending |Receiving Active |Reactive | Active Reactive
Power P | PowerQ | PowerP | PowerQ Power P | Power Q | Power P | PowerQ
[MW) [MVAr) (MW [MVAr) (MW | (MVAT | (MW [MVAr)

1 2 4.3435 1.8900 4.3435 1.8900 15 31 -0.3967 | -0.2241 | -0.3967 | -0.2241

2 3 2.5664 1.1956 2.5664 1.1956 31 15 0.3993 | 0.2267 | 0.3993 0.2267

2 19 1.5654 0.5684 1.5654 0.5684 16 17 -0.3294 - -0.3294

3 4 15333 0.7069 1.5333 0.7069 16 22 -0.0254 - -0.0254

3 23 0.8306 0.3973 0.8307 0.3973 22 16 0.0254 - 0.0254

4 5 1.2872 0.5438 1.2872 0.5438 17 18 -0.1400 - -0.1400

5 B 1.6579 0.6216 1.6579 0.6216 18 33 -0.2325 - -0.2325

6 7 0.1260 0.0757 0.1260 0.0757 33 18 0.2448 | 0.0B05 | 0.2448 0.0805

& 26 1.3168 0.4328 1.3168 D.4328 19 20 1.3828 | 04859 | 13828 0.4859

26 B -1.2486 - -1.2486 - 20 21 1.1844 | 0.38928 | 1.1843 0.38928

7 B -0.0741 | -0.0243 | -0.0741 -0.0243 21 20 -1.1229 - -1.1229

B 7 0.0780 - 0.0780 - 21 22 -0.0398 - -0.0398

B 9 0.5319 - 0.5319 - 23 24 0.6484 | 0.2958 | 0.6484 0.2958

B 21 -0.8562 - -0.8562 - 24 25 1.0308 | 04772 | 1.0308 0.4772

21 B 0.8627 - 0.8627 - 25 29 0.4082 | 0.3719 | 0.4082 0.3719

9 10 0.4107 - 0.4107 - 26 27 1.1265 - 1.1265

10 11 0.5399 - 0.5399 - b 28 0.9249 - 0.9250

11 12 0.2396 - 0.2396 - 28 29 0.8011 - 0.8011

12 11 -0.2275 | -0.0748 | -0.2375 -0.0748 29 28 -0.7589 | -0.2494 | -0.7589 | -D.2485

12 13 0.1075 0.0048 0.1075 0.0048 29 30 15812 | 0.6673 | 15812 0.6673

13 14 -0.0157 | -0.0103 | -0.0157 -0.0103 30 31 13670 | 0.6027 | 13670 0.6028

14 15 -0.4157 | -0.2103 | -0.4157 -0.2103 31 32 0.7845 | 0.3130 | 0.7845 0.3130

15 16 -0.2798 | -0.08920 | -0.2798 -0.0920 32 33 0.4854 | 0.2414 | D.4854 0.2414

16 15 0.2948 - 0.2948

Now, operating modes 0fSCs connected at bug,lbus 15 and bus 33 are changed
to constant voltage mode aridey are assignedo maintain constant voltage
magnitudesqual toonesfound in thecase forconstant modulation index mode as
O TRWwA®S0 T w80 T w(Hg8
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Unknownmodulation indexe®

before starting to analysés given inTable19. Then proposed algorithm is applied
and it has successfully converged to a solutidh atime averageof 10 executions
found to be40 ms Calculated nknown bus voltages and VSC modulation indexes

are shown inmable20.

Table19. Assigned Modulation Indexes and Operating Modes of VSCs

, 0

and0 ar e

VSC @ |(Modulation| Operating Bus Voltage
Bus Index Mode
6 0.97 Constant M | to be calculated
7 0.99 Constant M | to be calculated
12 1.00 ConstantV 0.9932 p.u.
15 1.00 Constant V 0.9945 p.u.
20 0.99 Constant M | to be calculated
29 0.98 Constant M | to be calculated
33 1.00 Constant V 0.9982 p.u.

Table20. Load FlowAnalysisResults oModified Test Systeml |

Voltage | Phase 8 Voltage | Phase
Bus Bus
{p.u.) |({degrees) {p.u.) [(degrees)
1 1.0500 0.0000 20 1.0287 -0.4393
2 1.0471 -0.0098 21 1.0370 -
3 1.0378 -0.0281 22 1.0372 -
4 1.0336 -0.0372 23 1.0348 -0.0540
] 1.0300 -0.0514 24 1.0300 -0.1193
5] 1.0151 -0.2772 25 1.0224 -0.2206
7 1.0187 -0.2991 26 1.0495 -
2 1.0292 - 27 1.0481 -
9 1.0267 - 28 1.0437 -
10 1.0248 - 29 1.0200 -0.2272
11 1.0243 - 30 1.0140 -0.2515
12 0.9332 -0.6247 31 1.0023 -0.5082
13 0.9922 -0.6673 32 1.0000 -0.5750
14 0.9923 -0.6654 33 0.9382 -0.6381
15 0.9945 -0.6313
16 1.0369 - Other Unknowns
17 1.0389 - My,_q, = 09700
18 1.0393 - Mz_16 = 0.9600
19 1.0450 | -0.0593 M33_15 = 09599

1
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0 is expected to be 0.97 and found as 0.9¥00, and0 are expected

to be 0.96 and found as 0.9600 and 0.9599 respectively. Regarding to bus voltages,
most of calculated bus voltage magnitudes are the same as in the previous case where
all VSCs have constant modulation indexes. Maximum voltage magnitudieedice

between two analyses is 0.0001 p.u. only.

4.3 Test System lli

Thissystem is the same as the Tegt8m | except thatlauck converter is connected
to bus 6 on the line betwedius 5 and bus és shown irFigure 37. All system
variables are the same as in thesiSystem | and all VSC converters are operating

in constant modulation index mode.

V; = 1.05p.u.

, 8, =0° 1
P =20MW  pMAC =25 MW
Qf-‘“ = 0.4 MVAr QM° = 0.5 MVAr

AC
DC

Voa=10p.u. 1o
GAC 3 e = p "
PFAC = 25 MW 10 ot T
@ 4]:‘ B4 = 1.0 MW %_.
1 LAC
PI’“’hc 15 MW k= M=0.99 Q" =0.1MVAr
LJC
=02 MVAr | ,
’ o 12 | 7 P =25MW
V.53 @ _- Qé’"ﬂc = 0.5 MVAr
4 M=0.97 1
BIPC = 1.0 MW o s FE
[] . N
M=0.56 | :A_|
> [
Vs =10p.u 6
PIPC —1.0oMw
=) |
J- DCDC =

BUCK

Figure37. Representation dfest System Il
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The efficiencyof all converters are 98%. Buck converter is also operating in constant
duty ratio mode witfO 8o L A load flow analysis is conducted on this test
system using the proposedgorithm and generated active and reactivevprs,

voltage magnitudes and phases, line flowsgarenin Table21 andTable22.

Table21. Generatd Power and Voltage Results fbest System Il

Bus Generator | P (MW)] |Q({MWVAr] Limits
1 G1 5.8813 0.7824
3 G2 2.5000 0.9756 Climits=0.10-1.00
5 G3 1.0861 Plimits=0.50-2.00
2] G4 2.5000 0.9989 Climits=0.10-1.00
Voltage Phase B Voltage Phase
Bus Bus
(p.u.) (degrees) (p.u.) (degrees)
1 1.050 0.000 8 1.000 -5.307
2 1.012 -2.735 9 1.004 -3.409
3 1.000 -5.876 10 0.980 -8.533
4 0.943 - 11 0.992 -7.023
3 1.000 - 12 0.941 -7.030
1] 0.948 - 13 0.914 -11.253
7 0.924 -9.850

Table22. Power Flows ofrest System |l
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