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Absract

The increasing penetration of fluctuating photoaigolt generation brings operational
challenge for distribution system operators suchna®ducing voltage rise problem. The
situation is worse in presence of single-phase rgéina unevenly connected on the phases.
To address this problem, distribution transformeith single-phase tapping capability and
automatic reactive power management systems arer uledyelopment. This thesis presents
modeling and analysis on the benefits of coordmhaietions of a decoupled three-phase on-
load tap-changer and a reactive power control bgtgioltaic inverters in distribution
system, for accommodating more renewable genegfiorthe grid. 24-hours root-mean-
square simulation studies have been carried oUDIgEILENT PowerFactory software
environment with time-step of 1 second using 1O0smimsolution consumption and
production profiles. A merely passive real Danistv lvoltage distribution network is used
for the grid topology as well as for the characatipn of loads profiles, while the
production ones are empirically defined under dme@ssumptions in scenarios with
different level of photovoltaic penetration. A firset of simulations without any reactive
power provided by photovoltaic inverters show thadver distribution transformer with on-
load tap-changer control on each phase signifigaintiproves the photovoltaic hosting
capacity in the analyzed unbalanced scenarios utitfide effects such as causing additional
power losses, or significant neutral voltage risorgworsening of the voltage unbalance
factor. The second set of simulations is based anrdinated actions of the two control
systems: a further improve of the photovoltaic imgstapacity is allowed, since the phase-
neutral voltage deviations and the neutral potemtia reduced without worsening of the
power losses. Negative effects will be found onwhkage unbalance factor, which is not
controlled by the two control logics and should d¢eerbe considered elsewhere by the

distribution system operator.
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Chapter 1

Introduction

Contents
1.1, PrOJECT GOAIS ...eeiiiiiiieiiiiiitiiiiti i cemme ettt e e neeenneennne 1
1.2, Problem StatemMeNt.........cooiiiiiiiiiiaeee e 2
1.3. Background to unbalance CONditioNS .......cceeeeeieeiiiiiiiiiiiiiieieee e 7
1.4. Background to Power QUality ..........cccooooriiiiiiiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeee 13
1.5. Background to OLTC and similar products ..........cccccccvvvviiiiiiiiiiieiieeeieeeeeeee, 20
1.6. Power system simulation to0l.............ccocviiiiiiiiiii e 25

1.1. Project Goals

Aim of this thesis is the development of the fedisjbstudy of a new device for stabilizing
the low voltage supply grid: the decoupled threaggh On-Load-Tap-Changer MV/LV
transformer.

The research project which the thesis is basedsocailed ‘Energy saving By Voltage
Management — ESVM'. Developed at DTU, it has been in collaboration with PSS

Energy Group, a Danish energy consultancy company.

Basically the device is supposed to be added tormal transformer, to make it provided
with a secondary side windings selector, which pisrto change the transformation ratio
and consequently to change the secondary side geolfaasing on direct voltage

measurements. This technology is usually called ©OETOn Load Tap Changer — therefore
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henceforth this acronym will be used. It can operatthe three phases simultaneously or
independently: aim of the project is to analyze diféerences which will appear without

considering any tapping and with simultaneous-iedelent tap actions.

In order to test the technical feasibility of thevite, different grid configurations have been
studied. Each one has been analyzed three timesrdang to the OLTC tapping logic:

without tapping, with three-phase simultaneousitappnd with phase-wise tapping.
The three representative grid configuration caseslefined:

e only passive load;

e passive and active loads;

e passive and active loads with reactive power reiguiacontrol system by the PV

plants.

In this feasibility study, a real Danish low voleagetwork from Dong Eldistribution has
been modeled in the software PowerFactory DIgSiMfith the support of the software, it
has been possible to analyze the effects of thiccelén the network, comparing different

operating scenarios in different grid configuration

The measured data of the real Dong Eldistributam Voltage network have been analyzed
and the resulting loading profiles in terms of @etand reactive power have been used for
the analysis. Mainly, the voltage characteristitthe distribution system including voltage

profiles of each buses and the voltage unbalaneénaestigated as well as the line power

losses.

1.2. Problem Statement

It is common in Denmark to have three-phase coioreetvailable even for relatively small
residential users and, depending on the layouthef household electrical installation,
concurrent loads may be concentrated on just oasepiMoreover, the increasing presence
of small single-phase distributed energy resouligesphotovoltaic (PV) and new storage-

capable loads (e.g., plug-in hybrid electric vedsd] is leading into uncorrelated voltage
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variations along the feeder: it may happen that pin@se voltage is increasing along the

feeder, while the others are decreasing.

Therefore, since low voltage networks host bothglsin and three-phase ‘pro-sumers’
(customers which are both producers and usersjlitfeeent power flow on the phases may
lead to voltage unbalances that can interfere thighconservation voltage reduction control

strategy and lead to Power Quality decreasing.

For this reason it can be considered that the &simg popularity of solar cells and the
possibility of delivering excess energy productionthe national grid are creating huge

challenges for supply companies.

Network operators nowadays face difficult challengs the insurance of a stable voltage in
the low voltage grid and at the same time to irgg@an increasing amount of renewable
energy. According to European standard EN 501&0rdhge of variation of the r.m.s (root
mean square) magnitude of the supply voltage, venditine to neutral or line to line to phase,
are within the range +10% for 95% of a week. Incpce, the r.m.s value could be
determined over a fixed interval of 20 millisecoratsd the basic measurement could be
made by determining the average of these values aveeriod of 10 minutes. The
assessment of compliance over an observation pefiotde week, including Saturday and
Sunday, could be then performed checking that 968teoten minutes values fall within the

specified range [1]-[5].

In the practice, a maximum voltage rise of 3-5%cpast is available to renewable energies in
the low voltage grid since the rest is reservedtlier medium voltage grid, voltage drops,
and the setting imprecisions. As example, Figuteshows the situations within the current
setting up; the potential problems faced by thevast operator without OLTC technology

is presented.
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Figure 1.1.Potential problems faced by the netwap&rator in the absence of OLTC

The increasing penetration of PVs will raise thekrof violation of the voltage band.
Network operators are being forced into expensixpamsion work even though the
capacities of their operating equipment are famfrexhausted. Besides the voltage band
violation problem, voltage unbalance problem coallsb assume more importance in the
near future, considering the increasing penetratfoRV connected to single phases of the
distribution grid. According to European standardader normal operating conditions,
during each period of one week, 95% of the 10 méamr.m.s. values of the negative phase
sequence component (fundamental) of the supplagelshall be within the range 0% to 2%

(the extreme acceptable limit is set at 3%) of plusitive phase sequence component

(fundamental) — this value is also known as Voltdgéalance Factor or VUF.

To address the mentioned problems, this study @aimdevelop and demonstrate a new
energy optimization unit whose objective is basjcahe improvement of distribution
network power quality: the decoupled tap selectanjch is for use in the distribution
networks, precisely installed at the secondary sidthe MV/LV (10/0.4 kV) distribution

transformer.

The two main topics to take into account are:
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The 10/04-distribution transformer is the link beem the energy supplier and the
end-user. It converts the high voltage from thenplinto low voltage for
consumption in a fixed interval, ensuring that #med user is supplied with a
maximum of 253 V closest to the transformer andimirm 207 V furthest from the
transformer, so values within the £10% of 230V, th@minal phase to neutral

voltage;

The OTLC technology makes it possible for the sygeimpany to monitor, control
and regulate the voltage in the supply grid, follmyvthe principles of voltage
optimization.

As example, by using the OLTC in the network anadyin Figure 1.1, the network operator

could increase the grid capabilities by dynamicatapting the voltage, decoupling the

voltages of low voltage and medium voltage gridisTimay result in an 11 percent rather

than a 3 percent voltage rise being available m Ittw voltage grid for feed-in from

renewable energies. This kind of action may helpraoving the hosting capacity without

expensive grid expansion investments.

In Figure 1.2 the PV hosting capacity increasingastiige offered to the network operator

by the OLTC technology is depicted.

11
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Figure 1.2. Advantages offered to the network ofperay the OLTC
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The novelty of the proposed approach is the utibneof a decoupled On Load Tap Changer
(OLTC) MVI/LV transformer, which is capable of regtihg each single phase tap changer

in a different way.

As previously said, this device can be part of 8reart Grid, and help stabilizing the

fluctuations and subsequently secure the staloifithe power supply.
So, summarizing, the positive effects which theiceeould lead to are:

e it enables to increase the renewable sources plavgng capacity in the low

voltage grid;
* it enables the suppliers to monitor voltage levelhe low voltage grid;
* it permits them to regulate the voltage;
* it permits to balance the three phases;

e it provides the ability to control and in case afe@mergency to turn off parts of the

power consumption.

It is the goal of the Danish government that Derkweitl be free of fossil fuels for energy
production by 2050, meaning that in less than 4ry®enmark will be independent of ail,

gas and coal [6]. The independence of fossil fudlsentail that Denmark will:
¢ Maintain high energy security;
* Contribute significantly to stem the global warming
* Enable green growth and employment.
The aims towards the fulfilment of the energy podik 2050 goal are:
« Denmark will be a green, sustainable society;

* Denmark will be among the top 3 countries in theld/dhat increases its use of

renewable energy the most up until 2020;

e Denmark will be among the top 3 countries in OE@ganization for Economic

Cooperation and Development) regarding energyieffay.
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Thanks to the development of the decoupled thres@LTC transformer, the grid hosting
capacity of distributed generation plants from weslgle resource could be increased,
reducing the reliance on fossil fuels (or fuelsgeneral) for energy production, thereby

reducing the negative impact on the environment.

Therefore the introduction of this new technologil support the strike to make Denmark a
green, sustainable society, with an increased leivednewable energy in the energy supply

system.

Summarizing, the present work aims at providing,ebgluating achievements in term of
voltage unbalances and losses reduction on a Liefe¢he feasibility analysis of the OLTC
transformer with both synchronized and decoupled dapability. The tap changers can
regulate the single phase voltage +5% the nomimdliey by changing physically the

transformation ratio.

Moreover a coordinated reactive power provisiorPhyis considered and further situations

are analyzed to study the cooperation of the twidrobsystems [7]—[10].

1.3. Background to unbalance conditions

The modern three-phase distribution systems supmyeat diversity of customers; among
them, those having single-phase, two-phase andamtd®l three-phase loads have become
preponderant. The operation of these consumerssiagpto the distribution network a
permanent unbalanced running state, characterigedifferent parameters of the three
phases. The unequal distribution of loads betwentliree phases of the supply system
determines the flow of unbalanced currents thatyce unbalanced voltage drops on the
electric lines; as a result, the voltage systemhiwithe supply network becomes also

unbalanced.

In addition, unsymmetrical generation (e.g. smalbtpvoltaic generators) lead to voltage
unbalance too. Voltage unbalance is not only a eonas such (e.g. degradation of the
performance of three-phase machines due to torgUsatipns, overheating due to the
negative sequence) but also a concern for complyitty the voltage limits as stated in the
European standard EN 50160. Indeed, the unsymrakinieed leads to a disproportionate

increase of the voltage in one phase which migbéed the limit.
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In power systems supplying asymmetrical (unbalandedds, appear supplementary
negative and/or zero sequence currents that calsgoaal power losses and faults in the
electric power system and the unacceptable ovengeatf three-phase asynchronous

machines belonging to different customers.

Contrary to some other disturbances in electrioaégy systems, for which the performance
is evident for the ordinary customer, voltage uabeé belongs to those disturbances in
which their perceptible effects are produced in |t run. Voltage unbalance leads to a
sharp decrease on the efficiency of three-phasactimh motors. Since induction motors

represent the largest portion of industrial loatlss seen that the voltage unbalance should

be carefully studied and controlled.

Voltage unbalance in three-phase distribution systeegards the changing in phase angles
and/or in the magnitude of voltage phasors. As,ddid main causes leading to voltage

unbalance are the following ones:

* Unsymmetrical distribution systems, which equipmeamd phase conductors present

different impedance values.
« Unsymmetrical loads, such as arc furnaces, simgledauble phase loads;

« Different voltage drops due to differences in mutmapedances between phase
conductors and between phase conductors and grdhisldepends on the spatial

configuration of conductors.

To study the unbalanced operation of a power sydfegsymmetrical components theory is
used. According to Stokvis- Fortescue theorem,\etlaree-phase asymmetrical system of
phasors can be decomposed into three symmetristdrag of positive, negative and zero
sequence respectively, as can be seen in [11]1&}dThis aspect can be seen in Figure 1.3,
where every sequence system contains three phelsaracterized by equal magnitudes; in
the case of positive and negative sequences, ca@npoare rotated between them with 120
electrical degrees irtounter-clockWise direction and negative clockWikesction,
respectively. In the case of zero sequence compnimere is no rotation between

phasors.
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Figure 1.3. Schematic representation of the symaoattomponents theory

If an asymmetrical phase to phase voltages systentaken into consideration, the
relationship between the initial system and theragtnical sequence systems can be written
as in equation 1.1:

Va| 111 1%
ZB =11 aZ a K_ (11)
Ve 1 a a?l|y°

WhereV,, Vg andV, are the phase to phase voltage phasors, WHilev~ andV® are

respectively the positive, negative and zero symiomtsystemsa = eJ12%° is the rotation
operator.
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The reverse relationship is reported in equati@n 1.

KJ_r 1 e a?||Va
Vii=z11 a* all|¥s (1.2)
Vo 1 1 1l

These sequence systems are not only theoretioak shey correspond to the reality: the
positive sequence components are created by thdugmous or asynchronous generators
while the negative and zero sequence componentaapp the place of unbalance. Each of
them can be separately measured and influencedifieaent way the power system. For

example, in the case of motors, the positive sezpienmponents produce the useful torque
while the negative sequence components produatsfibht create braking torques. On other
hand, the zero sequence components is the ongahaivolved in the cases of interferences

between the electric and the telecommunicatiorstréssion lines.

Other influences on balanced elements (generatorfoads) connected to the power system

are as follows:

* Negative sequence currents can produce the ovaerfeszit synchronous generator

rotors, the transformers saturation and rippledtifiers;

e Zero sequence currents cause excessive power lossssutral conductors and

interferences with protection systems;

« In unbalanced electric systems, power losses gruivtlae loading capacity of the

transmission networks diminishes.

Nevertheless the main effects of unbalanced vaitagea three-phase low voltage network

are on three-phase induction motors [13].

Three-phase induction motors are designed and metunéd so that all three phases of the
winding are carefully balanced with respect torthenber of turns, placement of the winding,
and winding resistance. When line voltages appfiea three-phase induction motor are not
exactly the same, unbalanced currents will flowthe stator winding, whose magnitude

depends upon the amount of unbalance. A small atafwoltage unbalance may increase

10
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the current an excessive amount. The effect ommibt®r can be severe and the motor may

overheat to the point of burnout.

Thus it is common to study the behavior of the pasiand negative sequence components

of the unbalanced supply voltage to understaneffieet of an unbalance on the motor.

The effect of unbalanced voltages on three-phadaction motors is equivalent to the
introduction of a negative sequence component lgaainotation opposite to that occurring
with balanced voltages. The positive sequence gelfoduces a positive torque, whereas
the negative sequence voltage gives rise to amagr flux rotating against the forward
rotating field, thus generating a detrimental rewey torque. Therefore, when neglecting
non-linearities for instance due to saturation, tiwor behaves like a superposition of two
separate motors, one running at slip s with a icetég@minal voltage per phase and the other
running with a slip of (2-s) and a different teraivoltage. The result is that the net torque
and speed are reduced and torque pulsations andta&cooise may be registered. Also, due
to the low negative sequence impedance, the negaéiguence voltage gives rise to large
negative sequence currents. At normal operatingdspehe unbalanced voltages cause the
line currents to be unbalanced in the order of @Qotimes the voltage unbalance. This
introduces a complex problem in selecting the propeerload protective devices,
particularly since devices selected for one sairdfalanced conditions may be inadequate

for a different set of unbalanced voltages.

In addition to the torques issues, the other mamsequences on the three-phase induction
motors are related to temperature rising and lcadying capacity, full-load speed and

currents.

Positive
Torque

./

- -
\ - ' Positive Speed
F g 4

Figure 1.4. Graphical representation of the positand negative sequence torques of an inductionmsabjected to
unbalanced supply voltages

11
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From Figure 1.4 it is clear that the entire torgpeed curve is reduced. In that context, three
points of particular interest on the resulting @are the starting, the breakdown and the full
load torque. It is clear that the motor takes lortgespeed up in this case. This changes the
thermal behavior of the motor and leads to decrkasevice life if not early failure. It has to
be noticed that this is due to the negative torgud/or the reduced positive torque.
Moreover, if full load is still demanded, the moterforced to operate with a higher slip,
increasing rotor losses and thus heat dissipatibe; reduction of peak torques will

compromise the ability of the motor to ride throwdips and sags.

A motor often continues to operate with unbalanceliages; however, its efficiency gets
reduced because of both current increase andaesestncrease due to heating. The increase
in resistance and current ‘stack up’ to contriltotan exponential increase in motor heating.
Essentially, this means that as the resulting b&serease, the heating intensifies rapidly.
This may lead to a condition of uncontrollable hesé, called ‘thermal runaway’, which
results in a rapid deterioration of the windingulagion concluding with failure of the

winding.

Premature failure can only be prevented by deratmgmachine according to standards,
allowing it to operate within its thermal limitatie: when voltage unbalance exceeds 1%, a
motor needs to be derated for it to operate suftdBssThe derating curve, shown in Figure
1.5, indicates that at the 5% limit established\BMA (National Electrical Manufactures
Association) for unbalance, a motor would be sutiisthly derated, to only about 75% of its

nameplate horsepower rating.

 Hf  p—
E Hh""“"-.
o ~
m
I 058 \*\
£ N
",'ﬁ' Ty
s 0.8 PN
(]
75

0 1 2 3 4 5
Percentage Voltage Unbalance

Figure 1.5. Induction motor derating curve
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In addition to the torques issues, the other mamsequences on the three-phase induction
motors are related to: temperature rising and lcalying capacity, full-load speed and

currents.

A relatively small unbalance in voltage will cawseonsiderable increase in temperature rise.
In the phase with the highest current, the pergeniacrease in temperature rise will be
approximately two times the square of the percentagitage unbalance. The increase in
losses and consequently, the increase in averaggndpeof the whole winding will be

slightly lower than the winding with the highestrm@nt.

To illustrate the severity of this condition, arpegximate 3.5 percent voltage unbalance will

cause an approximate 25 percent increase in tetaperise.

An Automatic Voltage Regulator (AVR) can be usedctarect under-voltage and over-
voltage, as well as voltage unbalance. As an actigeice, the AVR automatically
compensates for all voltage fluctuations, providihgt the input voltage to the AVR is
within its range of magnitude and speed of adjustmalthough high power AVRs are
available, it is usually more feasible to instalhamber of smaller units for the various

circuits to be protected, as opposed to one langeussibly at the plant service entrance.

To quantify the amount of unbalance, a set of diffié parameters is implemented. More
details will be furnished in the chapter ‘VUF Cdltion’ (Chapter 3.5), where different

voltage unbalance factor definitions are described.

1.4. Background to Power Quality

Ideally, the best electrical supply would be a tamsmagnitude and frequency sinusoidal
voltage waveform. However, because of the non-epedance of the supply system, of the
large variety of loads that may be encountered afnother phenomena such as transients
and outages, the reality is often different [14heTPower Quality of a system expresses to

which degree a practical supply system resembkegldal supply system.

< If the Power Quality of the network is ‘good’ thany loads connected to it will run
satisfactory and efficiently. Installation runnirgpsts and carbon footprint (i.e.

environmental impact) will be minimal;
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If the Power Quality of the network is ‘bad’ thematls connected to it will fail or
will have a reduced lifetime, and the efficiency the electrical installation will
reduce. Installation running costs and carbon famtpvill be high and/or operation

may not be possible at all.

In order to characterize the Power Quality, differi@dices have been defined.

Since nowadays the electricity is a good which lsarbought and/or sold, it must satisfy

some requirements, which are a sort of quality guotgrboth to the grid supplier and to the

grid users.

Power quality problems occur due to various tydesectrical disturbances. Most of the PQ

disturbances depend on amplitude or frequency dyadin frequency and amplitude. Based

on the duration of existence of PQ disturbancesntsvcan divided into short, medium or

long type. The disturbances causing power quaétyradation arising in a power system and

their classification mainly include:

Interruption and under/over-voltageghese are very common type disturbances.
During power interruption, voltage level of a pauar bus goes down to zero. The
interruption may occur for short or medium or Igregiod. Under- and over-voltage
are fall and rise of voltage levels of a particutais with respect to standard bus
voltage. Sometimes under- and over-voltages dé lgercentage is allowable; but
when they cross the limit of desired voltage letiety are treated as disturbances.
Such disturbances are increasing the amount ofivegmower absorption or deliver

by a system, insulation problems and voltage stabiAn interruption may occur

When[AJ—U > 0.99 .

n

Voltage/Current unbalancevoltage and current unbalance may occur due ¢o th
unbalance in drop in the generating system or tn&gson system and unbalanced
loading. During unbalance, negative sequence coemierappear. They change the
system performances and losses as well and in sases it may hamper voltage

stability.

Harmonics harmonics are the alternating components haviemguencies other than
fundamental present in voltage and current sigrnitiere are various reasons for

harmonics generation like non linearity, excessise of semiconductor based

14



BACKGROUND TO POWER QUALITY

switching devices, different design constrains, etarmonics have adverse effects
on generation, transmission and distribution systesnwell as on consumer
equipment also. Harmonics are classified as integemonics, sub harmonics and
inter harmonics. Integer harmonics have frequeneieish are integer multiple of

the fundamental one, sub harmonics have frequemndidsh are smaller than the
fundamental one and inter harmonics have frequengldch are greater than the
fundamental one. Among these entire harmonicsgémnt@nd inter harmonics are
very common in power system, since occurrence ffgrmonics is comparatively
smaller than others. Sometimes harmonics are fiksiime harmonics and spatial
(space) harmonics. Obviously their causes of oecor are different. It is clear that
harmonics in general are not welcome and desir&blethe evaluation of harmonics
content in power system applications, they aresasskwith respect to fundamental.
For this purpose different distortion factors wittspect to the fundamental have

been introduced.

Transients transients may generate in the system itself @y come from the other
system. Transients are classified into two categoDC transient and AC transient.
AC transients are further divided into two categsrisingle cycle and multiple

cycles.

Voltage dip it is a short duration disturbance. During voftagpg, r. m. s. voltage

falls to a very low level for short period of timgil < lAJ—U < 0.99 with 10 ms <

At < 600 ms.
Voltage swell it is a short duration disturbance. During vodagwell, r. m. s.

voltage increases to a very high level for shortqoeof time:1.1 < IAJ—U < 1.8 with

10 ms < At < 600 ms.

Flicker: it is an undesired variation of system frequeritys a visible change in
brightness of a lamp due to rapid fluctuationshim voltage of the power supply. It is

caused by quick succession of short-time voltags.di

Ringing wavesoscillatory disturbances of decaying magnitudedioort period of
time is known as ringing wave. It may be calledspecial type transient’. The

frequency of a flicker may or may not be same whihsystem frequency.
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» OQutage it is special type of interruption where powet bas occurred for not more
than 60 s.

All these phenomena are related to voltage alteratisince the supplier is able to manage
only the voltage, not the current, which only degsemn the loads. So it is commonly
possible to talk about Voltage Quality instead ofver Quality.

Power Quality worsening potentially leads to ingéint running of installations, system
down time and reduced equipment life and consetubigh installation running costs [15],
[16]. Poor Power Quality can be described as aepterelated to the electrical network that
ultimately results in a financial loss.

Possible consequences of poor Power Quality include
« Unexpected power supply failures (breakers trippinges blowing);
e Equipment failure or malfunctioning;
« Equipment overheating (transformers, motors, .. dilggato their lifetime reduction;
« Damage to sensitive equipment (PC’s, productiom diontrol systems, ...);
+ Electronic communication interferences;
* Increase of system losses;

« Need to oversize installations to cope with adddio electrical stress with
consequential increase of installation and runcivg}s and associated higher carbon

footprint;
* Penalties imposed by utilities because the sitlifgsl the supply network too much;

e Connection refusal of new sites because the sitddyoollute the supply network

too much;

« Impression of unsteadiness of visual sensationcedby a light stimulus whose

luminance or spectral distribution fluctuates withe (flicker);
* Health issues with and reduced efficiency of pemson

As example, common damages on transformers andsrente depicted ikigure 1.6

16



BACKGROUND TO POWER QUALITY

Figure 1.6. Common damages on transformers andmoto

If due to poor Power Quality the production is §te@, major costs are incurred. Table 1.1
gives an overview of typical financial loss dueatBower Quality incident (stop) in electrical
installations for various industries, according"ithe cost of poor power quality,” Copper

Development Association November 2001.

Industry Financial loss per incident
Semiconductor production 3,800,000 €

Financial trading 6,000,000 € per hour
Computer center 750,000 €

Telecommunications 30,000 € per minute
Steel industry 350,000 €
Glass industry 250,000 €

Offshore platforms 250,000-750,000 € per day

Table 1.1. Financial loss caused by voltage sags

In addition to financial loss due to ‘productiorops’, another factor of the cost of poor
Power Quality can be identified by analyzing ther@&Wh losses that exist due to the
presence of harmonic pollution in typical netwodimponents such as transformers, cables
and motors. As this loss has to be supplied byuthi¢y power plants, a financial loss and
CO2 emissions can be assigned to it. Exact valtiggloss depend on the local situation
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of kWh tariffs and ways that the electrical powegenerated (e.g. nuclear power plants have
almost no CO2 footprint per kWh generated as opptseoal power plants for which the
footprint is large at around 900-1000 g/kWh prodi)ce

One possible method to quantify theoretically tik&reelosses introduced by harmonics in
transformers is to use the IEEE C57.110 standdrd.chiculated impact will depend on the
local situation but figures like a few thousandsrdfyear are easily reached. This
corresponds to a few tens of CO2 emissions/years€juently, it may be concluded that in
installations where significant harmonic pollutilmgds are present, the running costs can be
significant.

Most harmonic pollution nowadays is created as baimcurrent produced by loads in
individual installations. This harmonic currentjeicted into the network impedance transfers
into harmonic voltage, (Ohm’s law); which gets apglto all the loads within that user’s
installation. As a result the user employing harindnads may suffer from Power Quality
problems. In addition however, the harmonic curggmoiduced by one installation without
filters is also flowing through the feeding transhers into the utility supply and creates
harmonic voltage distortion on the public netwark.tAs a result, any utility user connected
to the same supply will become affected by theypiolh created by another utility customer
and could suffer operational consequences in hisiostallation due to this.

In order to limit this type of problems most utd have adopted Power Quality
standards/regulations that shall be respected dyskrs of the supply network. In extreme
cases, non-compliance with these regulations ldads connection refusal of a new
installation, which in turn can have a significampact on the production and revenue loss

of the company.
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In Table 1.2 the electric norms regarding the Pdueality standards are presented.

Standard Topic
IEC 60038 Standard voltages
IEC 60816 Guides on methods of measurement of-sluoation transients on
low-voltage power and signal lines. Equipment sp8bke to
transients
IEC 60868 Flicker meter: functional and design #jtions
IEC 60868-0 Flicker meter: evaluation of flickeweaty; evaluates the severity @
voltage fluctuation on the light flicker
IEC 1000-3-2 Electromagnetic compatibility Part.8nits Section 2: Limits for
harmonic current emissions (equipment absorbe@wcusrl6 A per
phase)
IEC 1000-3-6 Electromagnetic compatibility Part.8nits Section 6: Emission
limits evaluation for perturbing loads connected/d and HV
networks
IEC 1000-4 Electromagnetic compatibility Part 4nfpding and metering
techniques
EN 50160 Voltage characteristics of electricity gligd by public distribution
systems
IEC 61000 Electromagnetic compatibility (EMC)

Table 1.2. European standard on Power Quality
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1.5. Background to OLTC and similar products

Power transformers equipped with on-load tap chang®LTCs) have been the main
components of electrical networks and industrigiliaptions for nearly 90 years. OLTCs
enable voltage regulation and/or phase shiftingydnying the transformer ratio under load
without interruption [17], [18].

On-load tap-changers (OLTCs) are indispensablegulating power transformers used in
electrical energy networks and industrial applmagi Historically, as their classical
application they have been mainly used as equiptoehe primary station transformers, i.e.

the ones which connect the high voltage transmidsies to the medium voltage ones.

Because of the high powers flowing through HV/M¥rtsformers, the tap selector needs to
be installed at the primary side, where, thank&¢ohigher voltage, currents flowing through
the windings are much smaller than the ones as¢leendary side. In this way it is possible

to avoid the origin of electric arcs.

The OLTC changes the ratio of a transformer by rsgidir subtracting to and turns from
either the primary or the secondary winding. Ttansformer is therefore equipped with a
regulating or tap winding which is connected to @ierC.

Figure 1.7 shows the principle winding arrangemaing 3-phase regulating transformer,

with the OLTC located at the wye-delta-connectiothie high voltage winding.

High voltage
winding

Us | | [ Ug: Step voltage
I: Through-current

Low voltage
winding

Figure 1.7. Principle winding arrangement of a réaing transformer in wye-delta-connection
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Simple changing of taps during an energized siatusacceptable due to momentary loss of
system load during the switching operation (Figug).

/1
Arcing

Figure 1.8. Simple contact switching

The ‘make (2) before break (1) contact conceptwahin Figure 1.9, is therefore the basic
design for all OLTCs. The transition impedancehia form of a resistor or reactor consists
of one or more units that bridge adjacent tapgHerpurpose of transferring load from one
tap to the other without interruption or appreagabhange in the load current. At the same
time they limit the circulating current) for the period when both taps are used. Normally,
reactor-type OLTCs use the bridging position aseevise position and the reactor is

therefore designed for continuous loading.

21



BACKGROUND TO OLTC AND SIMILAR PRODUCTS

Reactor principle
(preventive auto
transformer)

A2

Resistor principle

Figure 1.9. Basic switching principle “make (2) bef break (1)” using transition impedances

The voltage between the taps mentioned above isstbp voltage’, which normally lies
between 0.8% and 2.5% of the rated voltage ofrtresformer.

The main components of an OLTC are contact sysfemsake and break currents as well
as carrying currents, transition impedances, ggsrispring energy accumulators and a drive
mechanism. Depending on the various winding arnaneges and OLTC-designs, separate

selector switches and change-over selectors (liegeps coarse type) are also used.
The following basic arrangements of tap windingsmaainly used:

* Linear arrangement;

« Single reversing change-over selector;

« Double reversing change-over selector;

e Single coarse change-over selector;

e Multiple coarse change-over selector.

These different arrangements are depicted in FigL@.
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c) double
reversing
change-over
selector

d) single coarse e) multiple coarse
change-over change-over
selector selector

b) single
reversing
change-over
selector

a) linear

Figure 1.10. Basic connections of tap windings

Linear arrangement (Figure 1.10 a) is generallyduse power transformers with moderate
regulating ranges up to a maximum of 20%. The tdgpens are added in series with the
main winding so that the transformer ratio is chehdrhe rated position can be any one of

the tap positions: it can rationally be set bydperator.

With a reversing change-over selector (Figure 1b)Qhe tap winding is added to or
subtracted from the main winding so that the retinderange can be doubled or the number
of taps reduced. During this operation, the tapdimg is disconnected from the main
winding. The greatest copper losses occur, howdrethe position with the minimum
number of effective turns. This reversing operai®mnealized using a change-over selector

which is part of the tap selector or of the seleswitch (arcing tap switch).
The rated position is normally the mid positiomeutral position.

The double reversing change-over selector (Figuté t) avoids the disconnection of tap
winding during the change-over operation. In phetséting transformers (PST) this

apparatus is called the advance-retard switch (ARS)

Using a coarse change-over selector (Figure 1.1tedjap winding is connected either to
the plus or minus tapping of the coarse windingriyicoarse selector operation, the tap
winding is disconnected from the main winding (spkewinding arrangements can cause the

same disconnection problems as described abowaeldition the series impedance of coarse
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winding/tap winding must be checked). In this cabe copper losses are lowest in the

position of the lowest effective number of turns.

This advantage, however, places higher demandssoifetion material and requires a larger

number of windings.

The multiple coarse change-over selector (Figuf® k) enables multiplication of the
regulating range. It is mainly used for industribcess transformers (rectifier/furnace

transformers). The coarse change-over selectésagpart of the OLTC.

Which of these basic winding arrangements is useshch individual case depends on the
system and operating requirements. These arrangenaee applicable to two winding

transformers as well as to autotransformers ampthase-shifting transformers (PST).

Where the tap winding and therefore the OLTC igiitezl in the windings (high voltage or
low voltage side) depends on the transformer deasighcustomer specifications. As said it
is clear that in the traditional applications (HWMransformers) the OLTC is installed at
the high voltage side, because it is hecessaryeteept electric arc phenomena which could
take place because of the high amount of powerth@nother hand, if the OLTC unit is
installed on a MV/LV transformer, as it is in thieesis project, it could easily be installed at
the low voltage side since the flowing powers, aodsequently the currents, are not so high

to origin electric arcs.

Two similar products available in the market arevrghortly introduced GRIDCON®
Transformer from Maschinenfabrik Reinhausen Gmbh dfidformer® REG 2.0 from
SIEMENS. Both of them are specifically designedyoltage regulation in the low voltage
grid and are equipped with a 3-phase OLTC techrydbg], [20].

GRIDCON® Transformer provides different features deal with autonomous voltage

regulation in distribution networks. Its main tagks:
e The transformation function transforms upper vadtago lower voltage;

* The on-load switching function allows the ratioveeén the upper and lower voltage
in the transformer to be dynamically adjusted uddad, thanks to 5, 7 or 9 possible

operating positions;

e The drive function guarantees reliable switching;
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e The regulator function — including sensors — measuihe voltage and derives the

switching operations required.

The FITformer® REG 2.0 ensures ease of use thamlsgparation of the regulation and

control technology. Its main features are:
* Fluid-immersed distribution transformer;
e Power range up to 630 kVA,
« Maximum operating voltage: 36 kV;
« Low voltage load regulation range in three stages;

» Operating characteristics and dimensions corresgondonventional distribution

transformers;

< Additional high-voltage tapping range for optimupeoation.

1.6. Power system simulation tool

The routine to perform the simulations is impleneehin the commercially available power

system simulation tool DIGSILENT PowerFactory.

The calculation program PowerFactory, as writtenCHgSILENT, is a computer aided

engineering tool for the analysis of transmissiistribution, and industrial electrical power
systems. It has been designed as an advancedaiet#gand interactive software package
dedicated to electrical power system and contrallyss in order to achieve the main

objectives of planning and operation optimization.

“DIgSILENT” is an acronym for Dlgital SimuLation of Electrical NeTworks”. That
interactive single-line diagram included drawingndtions, editing capabilities and all

relevant static and dynamic calculation features.

PowerFactory uses a hierarchical, object-orienttdlthse. All the data, which represents
power system Elements, Single Line Diagrams, StDdges, system Operation Scenarios,

calculation commands, program Settings etc., aredtas objects inside a hierarchical set of
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folders. The folders are arranged in order to itatd the definition of the studies and

optimize the use of the tools provided by the paogr

The objects are grouped according to the kind efneht that they represent. These groups

are known as ‘Classes’ within the PowerFactory mmment.

All data which defines a power system model isextom “Project” folders within the

database. Inside a “Project” folder, “Study Casa®’ used to define different studies of the
system considering the complete network, parthefrietwork, or variations on its current
state. This ‘project and study case’ approach elus define and manage power system

studies in a unique application of the object-adrdrsoftware principle.
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Chapter 2

Network Modeling
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2.1. Real Danish network layout

The real network considered for the analysis iSGNBG Energy network located in Bistrup,
a village around 20 km out of Copenhagen [21]s & i12- bus low voltage feeder connected
to the MV network through a 10/0.4 kV transformas, shown in Figure 2.1. The short

circuit power of the main network is 20 MVA [22].



REAL DANISH NETWORK LAYOUT
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Figure 2.1. Single line diagram representationtsd teal Danish LV network

Measurements data on the real system allowed deazeg the power consumption of the
33 single phase loads during a 24-hours intervathviesulted to be about 740 kWh, with a
mean power of 30.8 kW. The daily energy losses atamnounted to 8.9 kWh, i.e. the 1.2%
of the total energy absorbed from the MV grid. Ttb&al load energy and mean power

amounts for each phase are reported in Table 2.1.

Phase a Phase b Phase c
Energy [kWh] 295.5 201.2 242.4
Mean Power [kW] 12.4 8.4 10.2

Table 2.1. Total load energy (during 24 hours) amean power value
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The 18 single-phase PV plants work under differmntditions in the different scenarios
considered; after all the reference power injectsorelated to a real typical daily production
of a 1kWp reference PV plant — see Chapter 3.2.

Finally a detailed description of each branch efdnid is reported in the table in Figure 2.2:
information about length, section, material ando#lie and kilometric resistance and

reactance.
'zi"ﬁbjectﬁ&er: * ElmLne E‘@
XKy HBeQe swsrd @ A H
Name Grid Teminal i Teminal j Length RYAC.20°C) s R1 1 MName
Busbar Busbar m OhmiAam Ohm Ohm
- s V3 100, 0,159 0,0153 0.0081 [150AL-MAL | =
= |Unell) [232Bistp | Bus2 FVZ 100. 0153 0.0159 0,0081 [150AL-MAL
= |une3) 232Bistrup | Busd PV4 100. 0159 0.0159 0,0081 [150ALMAL | _ |
< |une(g) 232Bistup | Busl FV1 100. 0,159 0,0159 0,0081 [150AL-MAL
~|Line(s) 232Bistrup | Bus6 FVE 100, 0,159 0,0153 0.0081 |[150AL-MAL
= |unets) 232Bistrup | BusS FV5 100 0,159 0,0159 0,0081 [150AL-MAL
< |lne12 232Bistp | PCC Bus1 58, 0.159 0,01558 000753 150AL-PSF
< |Une10-11 232Bistrup | BusS Bush 71, 0.153 001128]  0,00575|150AL-MAL
< |unent12 Z32Bistrup | Bus6 Busf_Loadf| 39, 0159 0,00620]  0.00315[150AL-MAL
< |une1113 Z3%Bistrup | Bus BusE_Loads| 18 0,159 0.00286] 000145/ 150AL-MAL
= |lne23 232Bistp | Bust Busl_Loadl| 167. 0159 002655  0.01352{150AL-MAL
< |lne24 232Bistup | Busl Bus2 74, 0,159 D.01176] 000599 150AL-MAL
-~ |lne45 Z32Bistrup | Bus? Bus3 74, 0,153 D.01176] 000539 150AL-MAL
< |Line55 232Bistrup | Bus3 Busd 158, 0,098 0.01558]  0.01256/240AL-MAL
< |unes-10 232Bistrup | Busd Bus5 74 0.159 0.01176] 000599 150AL-MAL
< |Lne68 232Bistrup | Busd Busd_Loadd| 98, 0247 002420  D,00813(95ALFSF
~ |Une_Bus1_load1 2  |232Bistup | Busi Bus1_Load1 1 0,159 000015 000008 150AL-MAL
~* |Line_Bus?_Load? 232Bistup | BusZ Bus?_Load? 1 0.159 0.00015]  0,00008] 150AL-MAL
- |Line_Bus3_Load3 232Bistrup | Busd Bus3_Load3 1 0,159 000015 000008 150AL-MAL
~ |lne_Bus4 loadd 1 [232Bistup | Busd Busé4_Load4| 1 0,159 000015 0.00008]150AL-MAL
~ |lne_Busd loadd 2  [232Bitup | Busd Busé_Loadd| 1 0,153 0.00075]  0,00008] 150AL-MAL
~|Line_Bus5_Load5 232Bistrup | BusS Bus5_Load5 1 0,159 0.00015] 000008 150AL-MAL
~ |line_Bus6_load6 2  [232Bistrup | Bus6 Bus6_Loads| 1 0.159 0.00015  0.00008] 150AL-MAL
4| l l »
=l 141wt Rexible Data {Scales J Basic Data { Load Flow / VDE/IEC ShortCircut /. Complete ShortCircuit_{ ANSI Short Cireuit_{ IEC 61363

Cirop

 Ln1  [3object(s)of 22 [ object(s)selected  [Drag

Figure 2.2. Grid lines characterization branch byabch

2.2. Multiphase system modeling

In order to perform the analysis in a LV distrilmutinetwork, a power flow tool able to deal
with asymmetrical systems has been needed. Theonhettiopted for this work has been
classified as a ‘Current Injection’ method and Abewed carrying out power flow analysis

on multi-phase systems [22].
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The principle leading to the composition of thegmbtally asymmetrical system is depicted
in Figure 2.3, where the network admittance matrigomposed starting from the branches

definition (self and mutual admittances) includimegs and transformers.

The system is then integrated with the shunt elésn@vhether they are loads or generators,
considered as active loads) which are represerstedparallel of constant admittances and
variable current injectors, so the total currenttabution depends on both terms and gives
the possibility to change the models’ voltage dejeeicy according to the ZIP theory,
described in Chapter 2.3.

] Y .
S network i
d—o— Ybranch 1 —e 4%)

41— Ybranch 2 | E lj @

Ybranch n =
] T N
® - o e Mt ]
- 01 0 0 0 | _T

Figure 2.3. System representation for the asymuo#tpower flow analysis

2.3. Loads and PVs modeling

The load profiles have been characterized by usingle-phase measurement data on
voltages, currents and active powers with a 10 tesitesolution during a 24-hours interval.
In order to simulate the real behavior of both p&sand active loads (i.e. PV plants), it has
been necessary to link all the loads in the sihgéediagram to the real measurement data.
Measurement data located in several text files Hzeen used to calculate the absorbed
active and reactive power amounts and read as dgiatof the loads in the schematic. This

logic procedure is schematized in Figure 2.4.
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~( D=

Figure 2.4. Passive load logical model

Real
Measurements
(V,1,P)

It has been noticed that there was no perfect sporelence between the measured power
absorption and the input power data of the tegsfilProbably it was due to the ‘constant-
impedance’ load model when running RMS simulatimssead of a ‘constant-power’ model.
At this point it has been necessary to define adstal load configuration — both for active
and passive loads — that could be assumed inrthéagion model of our project.

If on the one hand household loads could have besmed as ‘constant-impedance’ loads,
on the other hand the same assumption has not \m&h for active loads, since PV
generation plants in this work should have beesidaned as ‘constant-power’ active loads.
With reference to these considerations, it has begortant to base on a theory able to
allow defining each specific load behavior: the #iEory.

According to it, each real load could be modelethweference to its nature: it could simply
be a ‘constant-power’, a ‘constant-voltage’ or anstant-impedance’ load, or it could be
represented as a mix of the previous charactegistic

In order to define the behavior, equation 2.1 Edus
2
P = PO [al (VKO) + az (VKO) + a3] (21)

It is clear that the three coefficients, a,,a; represent, respectively, the shares of the
constant-impedance, constant-voltage and constamépcontributions.

Another possible model is based on the Exponeltéalel theory, which considers a simple
exponential law where the exponenis an index related the load nature (equation 7.2¢
three extreme load cases — ‘constant-power’, ‘@mstoltage’ and ‘constant-impedance’ —

are represented respectivelyds0, 1, 2.

P(V) = P, (VK)“ 2.2)
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It has been noticed that the PowerFactory softiareRMS simulations considers loads
according to the ‘constant-impedance’ model, whigdans that their behavior is described
by the Exponential Model equation, assumis®. This is the proper cause of the power
mismatching, since active loads in the analyzednietvork (the PV generation plants) are
supposed to be ‘constant-power’ loads.

Therefore it has been necessary to change the dbgihese loads, by adding a block able to
change the load behaviors from ‘constant-impedataétonstant-power’. This block is a
proper ‘correction block’ and implements the equat?.3, wheré?,.r is the active power
read from the text file anBl,,,; is the modified active power, which will effectlyego to

the load of the schematic:
1 2
Prod = Pref (;) (2.3)

Of course the same considerations could be valith weference to the reactive power
instead of the active power.

As seen in equation 2.3, the voltdgemeeds to be measured: together with the text file
values, the voltage measurement is the input of‘¢berection block’. The new logic
procedure is schematized in Figure 2.5, whicheanty valid for the active power, since for
now it has been assumed that the reactive powerladxd-injected by the PVs is set into
zero.

For this reason all the reactive power values éntéxt files -Q,..; — have been set into zero,
and they could simply be furnished to the PV umiithout the necessity to be modified by

the correction block.
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Figure 2.5. Active load logical model
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At the end, thanks to this change it has been plessio have effectively 100%
correspondence between the measured active powerption and the input power data of
the text-files for the PV plants.

For the second part of the simulations performedtie project, an additional logic model
for the PV reactive power management has been daede created. Since the analysis will
be described in detail in Chapter 3.3, the logmmadel of the active load including the
reactive power calculator block is now depicted=igure 2.6. It is clear that the reactive
power values read from the text files are set z&i@ again, but thanks to the reactive power
regulation algorithm the values furnished to the B\ different to zero and already

‘corrected’, since the block h#&,,  instead of..r as one input.
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Figure 2.6. Active load with reactive power regidatlogical model
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So, summarizing, the first logic procedure withthe correction block has been used for the
passive loads, while the modified ones have beed it the PV plants.

More detailed descriptions of the logic implemeiotad in PowerFactory will be hereinafter
furnished.

2.4. Transformer modeling

The On Load Tap Changer transformer has two maitufes according to the tap control

logic which its operations are based on:
» 3-phase OLTC
» 3 single-phase OLTCs.

For simplicity, 3 single-phase OLTCs is naméephase OLTC afterwards.
The first technology performs 3-phase simultanetays changing actions according to

phase-neutral voltage measurement from only onsgyhahile the 1-phase OLTC changes
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the transformation ratio independently phase bysehaccording to the three different
phase-neutral voltages.

As described in Chapter 1.5, the OLTC changes #iie of a transformer by adding or
subtracting to and turns from either the primarysecondary winding. The transformer is

therefore equipped with a regulating/tap windingalilis connected to the OLTC.

Once the network model is built, the transformeedseto be represented as an admittance
matrix connecting the PCC (LV busbar) to the MVivak.

The classical approach used defining the transamssanatrix of a generic single-phase
transformer has been implemented to consider ehakefs primitive matrix. Since for this
work a control on the single phases has been ndededler to independently control the
transformer ratios, the model has been built byedhsingle-phase transformers, each
secondary side connected between an earthed npatrdland a different phase of the LV
grid, whereas at the primary side (MV busbar) thenection has been made between two
phases, as for the Delta connection, resultingthree-phase Delta-Wye transformer model,

as shown in Figure 2.7.

|
m |
|

:

]
1
I E——
EA‘ i L m i Ea
| [— Aj—-—e»' E
Be i L] - = b
Ec—13 ﬂ—l—‘. Ee
1
I S =F

Figure 2.7 Three-phase Delta-Wye transformer model

From the schematic representation of the transfomualel it can be noticed that, since the
MV side works with isolated neutral, the fourth pisropen, while at the secondary side the

neutral point is connected to the relative conduictohe four-wire system.
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As it can be seen in Figure 2.8, the terminaldefthree single-phase transformers modeled
in PowerFactory are so connected that there coelgdrsfect correspondence to the real

transformer type is D/yn.

HV-Side LV-Side
a 5
MV Bus ' Cub_2 b N 1_232Tr.(9) " Cub_3
= -l k b
€‘3 B c
el
HV-Side Lv-Side
b b
MW Bus % Cub_3 c M 1_232Tr.(9)\ Cub_4
a2 - ) - =
el S
A,
HV-Side LV-Side
c C
MV Bus | Cub,_4 c 4= —f—= {_232Tr.(9) \ Cub_8
| L B =
&
-l

Figure 2.8. Single-phase transformers connecti@csigation

As shown in the type edit window in Figure 2.9,leamngle-phase transformer has been set
with:

« Rated poweP,: 210 kVA;

* Short-circuit voltage related to the positive setee impedance/ ., : 4%

(compared to the nominal one);
« Ratio of positive sequence impedance and resisﬁankﬁz

» Off-load currentq,: 0%;
e Off-load powerP,: 0 kW.

The decision of setting into zero the inner irosskes is justified by the fact that the results
analysis will not present any influence in termscomparisons of different scenarios, since
all of them will be characterized by the same amairoff-load inner losses. At any rate,
considering for each single-phase transformer gai&,,, andP, respectively of 1.4% and
0.42 kW, the daily amount of off-load has been B¢hk
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2-Winding Transformer Type - Equipment Type Library\Monophase Trafo. TypTr2 @
Name [Monophase Trafo

Load Flow Technology ‘ Single Phase Transformer j Cancel

VDE/IEC Short-Circuit Rated Power 021 MVA

Complete Short-Circuit Nominal Frequency 50, Hz

ANS| Short-Cirewit Rated Violtage Wector Group

IEC 61363 HV-Side: 10, (3 HV-Side D - single phase

LV-Side 0.23 kY LV-Side D - single phase

RMS-Simulation Pasitive Sequence Impedance -

EMT-Simulation Short-Circuit Voltage uk 4, %

Harmonics/Pawer Quality Ratio X/R 10

Protection

Relizbility

Description

Figure 2.9. Single-phase transformer type edit wind

In order to define the tap position controller bE tsingle-phase transformers, a different
approach — compared to the one of loads — has esated to be used. In fact in this case
(unlike loads modeling structure) there was no rediedata from text files as input data

although direct measurements from the single lingrdm needed to be performed.

Each single-phase transformer has been modeledgb@asithe same logic structure, which is
depicted in Figure 2.10. Basically it is composadpbhase-neutral voltage measurements
from a certain point of the grid (the one at thel @h the network), which are the input

values of the ‘heart’ of the control system. Hexegording to the measured voltage values
and to the tapping logic law described in Chaptdr1? tap selector position signals are

provided as output signals and furnished to thglsiphase transformer.
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Figure 2.10. Transformer model logic

2.4.1. Tapping Logic

The logical method of controlling continuously ttag position has been very important in
order to achieve a certain precision in followirtge tunbalancing conditions: the more
accurate the tap changing system, the more effithen operation. Therefore the tapping
logic which the decoupled phase OLTC unit operatiare based on needs to be defined in

detail.

Basically two different approaches could be usediterative method and a proportional
method.

The operating principle of the iterative methothis following.

Voltage measurements at the measurement bus doenped: within a certain range in the
neighborhood of the reference voltdgg, (here set as the nominal voltage), the tap changer
does not operate, laying on the zero-position. Taige is also known as the Dead Band —
DB or ‘non-action zone’. In order to achieve a pagsition changing, the measured voltage
needs to exceed the dead band. The tap positiolgebastep by step (tap by tap), and the
voltage increases or decreases by +1 or -1 steeftain prefixedV, which is nothing but

a percentage df,.
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After a cycle the comparison operation is repeated the tap position is changed time by

time till when the measured voltage value fallpitite dead band.

In Figure 2.11 an operating scheme of the iteratie¢hod is presented.

Controlled
Bus
MV LV I
network network !
.................. s rmnnnnna
\%
.................. .
measures
.................. spuuumannnnnnnnnnnnn
sign(x)
_ AV N\ 1
~ >< Migp=1
i Vre‘
nmpZO !

Figure 2.11. Setup of the iterative control strateg

On the other hand the proportional method focuseshanging directly the tap position
according to voltage measurements at the measutdraenTo do this a tapping logic law
needs to be set as input for the logic; theordyidadth a discrete and a continuous mode
regulation are possible. The discrete mode is based step law, where certain voltage

values correspond to specific tap positions, whiiffers quite a lot one from the other.

Anyway the best way to control the tap positiorugng a continuous mode regulation,
which means using a high number of very small stgfis correspondent very small voltage
variation. Such a high number of steps pursuesiraative tap changings, performing a

more accurate voltage regulation at the measurebuestiar.

For the project, it has been decided to use thpgotional method, whose logic control is
basically easier than the iterative method. In prle achieve a more accurate voltage

regulation the continuous mode logic has been chimstead of the discrete one.
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At the beginning two cases have been analyzedaith study case and each scenario. They
were characterized by extreme tap positions of =129 which means a maximum voltage
deviation respectively of £2.5% and +5%. That isdaese, as type setting of the single-phase

transformers, it has been set that the additioolshge per tap is 2.5%.
In fact for both the cases the same tap sensitiitydifferent tap ranges have been used.

The first index (tap sensitivity) represents thdtage sensitivity of the tapping control
method. Its value has been set at 0.001 p.u., whigdns that the OLTC operates according

to the voltage measurements with a 0.001 p.u. §iceci

The second index (tap range) represents the rdngadtage within the tap position changes
between the two extreme values. Its value has bekat 0.05 for ‘-1+1’ case, and at 0.1 for

-2+2’ case. Out of this range, the extreme taptjprsvalues are reached.

The two different tap control methods are represgint the following graph (Figure 2.12),

where the values adopted for the simulation artqulo
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Proportional Tapping Logic Laws

Tapping Logic -1+1
Tapping Logic -2+2 [

Tap Position

Voltage [pu]

Figure 2.12. Tapping logic laws of the proportiomaéthod

Since the real transformer which will be adoptedrimal tests in the experimental facility
SYSLAB-PowerLab.DK of the DTU Risg Campus will beleato offer a maximum voltage

deviation of £5%, it has been decided to concemttatsimulations based on the ‘-2+2’
tapping logic.

The tap position values are furnished to the Poadfy software as input data from a

LookUp table, which represents perfectly the cardims tapping logic law of Figure 2.12.
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2.5. Dynamics analysis — RMS Simulation in DIGSILENT
PowerFactory

The dynamics simulation functions available in OIFSNT PowerFactory are able to

analyze the dynamic behavior of small systems argklpower systems in the time domain.
These functions therefore make it possible to madehplex systems such as industrial
networks and large transmission grids in detakin@into account electrical and mechanical

parameters [23].

The study of power system stability involves thalgsis of the behavior of power systems
under conditions before and after sudden changésanh or generation, during faults and
outages. The robustness of a system is definedebghility of the system to maintain stable
operation under normal and perturbed conditionss ltherefore necessary to design and
operate a power system so that transient everds grobable contingencies), can be
withstood without the loss of load or loss of symefism in the power system. Transients in

electrical power systems can be classified accgritirihree possible timeframes:
e Short-term, or electromagnetic transients;
* Mid-term, or electromechanical transients;
* Long-term transients.

The multilevel modelling of power system elementsl dhe use of advanced algorithms
means that the functions in PowerFactory can amati®e complete range of transient
phenomena in electrical power systems. Consequéhtye are three different simulation

functions available:

* A basic function which uses a symmetrical steadyes(RMS) network model for

mid-term and long-term transients under balancégork& conditions;

* A three-phase function which uses a steady-staidS)Rnetwork model for mid-
term and long-term transients under balanced abdlanced network conditions, i.e.

for analyzing dynamic behavior after unsymmetrfealts;

* An electromagnetic transient (EMT) simulation fuaotusing a dynamic network

model for electromagnetic and electromechanicatsiemts under balanced and
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unbalanced network conditions. This function istipafarly suited to the analysis of

short-term transients.

Of course for this project the second type of satioh has been used (RMS values —

unbalanced three phase case).

The three-phase RMS simulation function uses algtetate, three-phase representation of
the passive electrical network and can thereformaptte unbalanced network conditions,
either due to unbalanced network elements or duastanmetrical faults. Dynamics in

electromechanical, control and thermal devicesrepeesented in the same way as in the

basic RMS simulation function.

Asymmetrical electromechanical devices can be nedlelnd single-phase and two-phase

networks can also be analyzed using this analysigtibn.

In addition to the balanced RMS simulation eveatdalanced fault events can be simulated,
such as: single-phase and two-phase (to ground}-aihcuits; phase to phase short-circuits;

inter-circuit faults between different lines; siaghnd double-phase line interruptions.

All of these events can be modelled to occur siam@ously or separately, hence any

combination of symmetrical and asymmetrical faocéia be modelled.

Time-domain simulations in PowerFactory are initiedl by a valid load flow, and
PowerFactory functions determine the initial coiodis for all power system elements
including all controller units and mechanical comeots. These initial conditions represent
the steady-state operating point at the beginnirigeosimulation, fulfilling the requirements

that the derivatives of all state variables of adachines, controllers, etc., are zero.

Before the start of the simulation process, it lsoadetermined what type of network
representation must be used for further analysigtvetep sizes to use, which events to

handle and where to store the results.

In the Initial Conditions commandCéming dialogue (see Figure 2.13) all simulation
settings can be defined, such as the simulatioe tfye. RMS or EMT, balanced or

unbalanced) and simulation step size settings.
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The process of performing a transient simulatiguicgily involves the following steps:

During an EMT or RMS simulation, a large numbers@nal variables are changing over
time. To reduce the available data and to narrowndthe number of variables to those
necessary for the analysis of each particular Gaselection of these signals for later use has
to be defined. In this way it is necessary to defior each grid element which variables

should be calculated, choosing from different catedists, such as Calculation Parameter,

Calculation of Initial Conditions - ...ses\Base case 3 Phase TC\Calculation of Initial Conditions.Comlne

Step Sizes

Step Size Adaptation
Advanced Options
Moise: Generation

Real-Time

Simulation Method
¢ RMS valuss (Hlectromechanical Transients)
" Instantaneous Values (Flectromagnetic Transients)

Network Representation
" Balanced, Positive Sequence
+ Unbalanced. 3-Phase (ABC)

Selection of Simulation Events
Events w| =+ | . Phase TC\Simulation Events/Fault

Show | From Library Remave Al

I~ Simulation Scan
==

Result Variables ...ase 3 Phase TC\All caleulations
Load Fow ﬂ ... 3 Phase TC"Load Flow Calculation

[v Verify Initial Conditions
[ Automatic Step Size Adaptation

Figure 2.13. Initial conditions command dialoguendow

Printing results.

Definition of result variables and/or simulatioreaets;

Execution of simulation;

Changing settings, repeating calculations;

==l
Close
Cancel

Calculation of initial values, including a loada@alculation;

Optional definition of result graphs and/or oth&tual instruments;

Creating additional result graphs or virtual instants, or editing existing ones;
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Element Parameter, Type Parameter, Reference ParanBus Results, Signals and
Currents, Voltages and Powers.

As example in Figure 2.14 a variables selectiordaimis shown.

Variable Selection - Stucly Cases\Base case 3 Phase TC\All calculations\Loadl 1 Phase alnthon ™

Basic Data S ) ]Edriur | “

Load Flow Object wi= | 232Bistrup’\Load] 1 Phase a

b

Cancel
AC Load Fow Sensttivities

AC Contingsncy Analysis ¥ Display Values during Simulation in Output Window (see Simulation Command) balanced
1 Fitter for
= Print Values
Variable Set [CL a . ]
DC Load Flow i
Variable Name I Variable List

DC Load Fow Sensitivities

AC Quasi-Dynamic Simulation

Bus Name I E| 7 Display Al Yl b
DC Contingency Analysis L
DC Guasi-Dynamic Simulation Available Vanables Selected Vanables
VDE/IEC Short-Circutt [T ulr:busl pP.u. Positive-Seguence-Voltage, Real Part - J n:ul:busl
[T uli:busi pP.u. Positive-Sequence-Voltage, Imaginary Part m:I1l:busl
Complete Short-Circuit I ul:busl P.lu. Positive-Sequence-Voltage, Magnitude ﬂ m: Psum:busl
7 U1l:busl kv Line-Ground Positive-Seguence-Voltage, Magni m:Qsum:busl
ARSI Shon:Circi [T Ull:bus1 K Line-Line Fositive-Sequence-Voltage, Magnitw m: Erbusl
IEC 61363 =} phiul:busl deg Positive-Seguence-Voltage, Angle
— [T inec:busl p.u. Current, Magnitude, referred to network
DC Short-Circuit [0 1:bus1 b Current, Magnitude
’ N [l phii:busl deg Current, Angle
[0 ilrspusl p.u. Positive-Sequence Current, Real Part
Modal Analysis I ili:busl P.U. Positive-Sequence Current, Imaginary Part
[T il:busl pP.u. Pgsitive-Sequence Current, Magnitude
EMT-Simulation ¥ Il:busl r Positive-Sequence Current, Magnitude
[} phiil:busl deg Positive-Sequence Current, Angle
Hamorics/Power Qualty ¥ E:busl KW Active Pover
Frequericy Sweep | Q:busl b_:e): Reactive Power
[T 3:bust A Ipparent Power
D-A-CH-LCZ Standard [ cosphi:busl Power Factor
[T tanphi:busl tan({phi)
Protection ¥ Paum:busl ki Total Retive Power _j
Optimal Power Flow _:J ,;-| AR S R R S i

Figure 2.14. Variable selection window

Therefore, one or more result objects containimgrésult variables can be configured. The

simulation function needs the reference to a resjéct to store the results.

Stability analysis calculations are typically based predefined system models. In the
majority of cases the standard IEEE definitions dontrollers, prime movers and other
associated devices and functions are used. Anyiviayatherwise possible to improve the
system model not using the IEEE standard modetdnbtead building a new block diagram
of the individual controller/mechanical system ¢épresent the device. This facilitates highly

accurate system modelling.

The PowerFactory modelling philosophy is targetadards a strictly hierarchical system

modelling approach, which combines both graphiodl script-based modelling methods.

All the data, which represents power system Elemye8ingle Line Diagrams, Study Cases,

system Operation Scenarios, calculation commanadgyram Settings etc., are stored as
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objects inside a hierarchical set of folders. Ttiddrs are arranged in order to facilitate the

definition of the studies and optimize the useheftools provided by the program.

The objects are grouped according to the kind efneht that they represent. These groups

are known as ‘Classes’ within the PowerFactory mmment.

The basis for the modelling approach is formed hwy basic hierarchical levels of time-

domain modelling:

e The DSL block definitions, based on the "DIgSILENT Simulation Language"
(DSL), form the basic building blocks to represeansfer functions and differential

equations for the more complex transient models.

* Thebuilt-in models andcommon models The built-in models or elements are the
transient PowerFactory models for standard powestegy equipment, i.e. for
generators, motors, static VAr compensators, dte. dommon models are based on

the DSL block definitions and are the front-endh&f user-defined transient models.

« Thecomposite modelsare based ooomposite framesand are used to combine and
interconnect several elements (built-in models) /@anccommon models. The

composite frames enable the reuse of the basictgteuof the composite model.

The following part explains the relationships bedawehe Composite Model (which is using

a Frame as type) and the Common Model (based toth iagram as type) in detail.

The Composite ModelHmComyp references the definition of a composite framhisT
composite frame is basically a schematic diagramatoing various empty slots, in which
controller or elements can be assigned. These atetthen interconnected according to the

diagram. The slots in the composite frame are prdigured for specific transient models.

A window containing the list of Composite Modelsks like Figure 2.15.
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[ ] 4] » | M Pl Dt Basic Data
Inl 56 hjectis) of % 3 abyeciiy] velected

Figure 2.15. Composite models list window

The Composite FramélkDef) has different slots which are interconnected atiog to the
diagram. The composite model, which uses this caitppdrame, shows a list of the

available slots and the name of the slot, as cagbe inFigure 2.16

Composite Model - 232Bistrup\Composite Modell_1_Phase a.ElmComp

MName |Cnmpusite Model1_1_Phase a OK

dd

Description Frame w | = | User Defined Models'\ComLoadMod Cancel
I~ Out of Service —
Slot Definition:

Met Elements

Bim*.5ta” IntRef
1 ¥ Measurement File -
2 |Vmeas An ¥ Voltage Measurement Bus1_Load1_1_a
3 |Vmeas Bn ¥ Voltage Measurement Bus1_Load1_1_b
4 |Vmeas Cn ¥ Voltage Measuremert Bus1_Load1_1_c
5 |LoadSlot ¥ Load1_1_Phase a
& |Voltage Comector | ¥ Voltage Comector - Load_1_1_Phase a

— | b

Slot Update Step Response Test I

Figure 2.16. Composite model slots list window
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The Built-In Models are pre-configured elements eihido not need a specific model

definition. Any kind of element which is able tooprde input or output variables, e.g.

converters, busbars, etc, can be inserted intslths

The Common ModelsHlmDs)) combines a model definition with specific paraenetettings.

There are predefined definitions as well, so

definitions.

A window containing the list of Common Models

thet tiser can create his own model

lodikee Figure 2.17.

Object Filter: * ElmDsl (== ==
00w =N
Name In Folder Grid Events Out of Service | A-stable integratio. Parameter | Characteristics | Two Dimensional Net Blement | Signal Name

- Trafo Phase a

Model Defintion
BkDef"

Eim Sta" IntRef

&) [
[Actuztor - Trafo Phase b Composite - Trafo Phase b O |Actustor C 05 0,
[Actustor - Trafo Phase c Composite - Trafo Phasec __|232Bisiup O |Actustor C 05 0,
[Tapping Cortroller - Trafo Phase = Composie - Trafo Phase s |2326isiup (3 [Tepping cortroller C 1, 103,
[Tapping Cortroller - Trafo Phase b Composie - Trafo Phaseb___|232Bisiup (3 [Tepping cortroller i 1, 103,
[Tapping Cortroller - Trafo Phase Composie - Trafo Phasec __|232Bisiup (3 [Tepping cortroller i 1, 103,
[Voltage Comector - Load_1_1_Phasea |Composte Model1_1_Phase a_|232Bstnp (3 [Voliage Corretor i 1,
[Vohage Corector- Load 11 Phaseb | Composte Model_1_Phase b |232Bistup 3 [Vohtage Corretor i 0. 0. 0.
[Vohage Corector- Load 1 1 Phasec | Composte Model_1_Phasec |232Bistup 3 [Vohtage Corretor i 0. 0. 0.
Vohage Corector- Load 12 Phasea |Composte Model 2 Phase |2328istup 3 [Vohtage Coretor i 1, 0. 0.
Vohage Corector- Load 12 Phaseb | Composte Model_2 Phase b |23268istup 3 |Voltage Corretor ] 0. 0. 0.
Vohage Corector- Load 12 Phasec | Composte Model_2 Phasec |2328istup 3 |Voltage Corretor ] 0. 0. 0.
Vohage Corector- Load 2 Phasea |Composte Model2 Phasea |2328istup 3 [Vottage Comector ] i 0. 0.
Vohage Comector- Load 2 Phaseb |Composte Modsl2_ Phase b |232Bistrup 3 [Vottags Camector ] 0. 0. 0.
Vohage Corector- Load 2 Phasec |Composte Modsl2_ Phasec |232Bistup 3 [Vottags Camector ] 0. 0. 0.
Vohage Corector- Load 3 Phasea |Composte Modsl3 Phasea |2328stup 3 [Vottags Camector ] 1 0. 0.
Vohage Corector- Load 3 Phaseb |Composte Modsl3_Phaseb |232Bistup 3 [Vottags Camector o] 0. 0. 0.
Voktage Corector - Load 3 Phasec | Composte Model3_Phase ¢ |232Bistup 3 [Voliage Carector o] 0. 0. 0.
Voktage Corector - Load 4 1 Phasea |Composte Model4_1_Phase a_|232Bistup 3 [Voliage Carector o] 1 0. 0.
[Voktage Corector - Load 4 1 Phase b |Composte Model4_1_Phase b _|232Bistup 3 [Voliage Corector o] 0. 0. 0.
[Voltage Comector - Load_&_1_Phase | Composte Modeld_1_Phase ¢ _|232Bistrup 3 [Voliage Corector O 0 0. 0
[Voltage Comector - Load_&_2_Phasea | Composte Modeld_2_Phase a_|232Bistrup 3 [Voliage Corector O 1 0. 0
[Voltage Comector - Load_&_2_Phase b | Composte Modeld_2_Phaseb_|232Bistrup O [Vollage Comector | O 0 0. 0
[Voktage Comector - Load_2_2_Phase | Composte Modeld_2_Phase c_|232Bistrup 3 |Vollage Corector | O 0. 0. 0
[Voktage Comector - Load_2_3_Phasea | Composte Model4_3_Phase = _|232Bisirp 3 |Voliage Corector | O 1 0. 0
[Voktage Comector - Load_2_3_Phaseb | Composte Model4_3_Phaseb_|232Bisirup 3 |Voliage Corector | O 0 0. 0
[Voktage Comector - Load_2_3_Phasec | Composte Model4_3_Phase ¢ _|232Bistnp 3 |Voliage Corector | C 0, 0, 0,
[Voltage Comector - Load_5_Phasea | Composte Model5_Phasea | 232Bsinp (3 |Voliage Corector | C 1, 0, 0,
[Voltage Comector - Load_b_Phase b |Composte Models_Phaseb _|732Bsinp 3 |Voliage Corecir | C 0, D, 0,
[Voltage Comector - Load_b_Phase c | Composte Model5_Phasec _|732Bsip 3 |Voliage Corecir | C 0, D, 0,
[Voliage Comector - Load_6__Phasea | Composte Model6_{_Phase =_|232Bstrp 3 |Voliage Corectr | i 1, 0, 0,
[Voliage Comector - Load_6_1_Phaseb_|Composte Model6_1_Phaseb_|232Bstnp 3 |Voliage Corectr | i 0, 0, 0,
[Voliage Comector - Load_6_1_Phase | Composte Model6_1_Phase c_|232Bsimp 3 |Voltage Comectr | i 0, 0, 0,
[Voltage Comector - Load_6_2_Phasea |Composte Model6_2_Phase a_|232Bsinp 3 |Voltage Comectr | i 1, 0, 0,
[Vohage Corector- Load 6 2 Phassb | Composte Model6_2 Phase b |232Bistup O |VohageComectr | ) C 0. [} 0.
[Vohage Corector- Load 6 2 Phassc | Composte Model6_2 Phase c |232Bistup O |VohageComectr | ) C 0. [} 0.
[Vohage Corector- Load 6 3 Phasea |Composte Model6_3 Phase = |232Bistup O |VohageComectr | ) c 1, [} 0.
Vohage Corector- Load 6 3 Phaseb | Composte Model6_3 Phaseb |232Bistup O |VohageComectr | ) ] 0. 0. 0.
Vohage Corector- Load 6 3 Phasec | Composte Model6_3 Phasec |232Bistup 3 [Vohtage Coretor i 0. 0. 0.
[Vohage Comector - PV1_Phase @ Composte PV1_Phase a 2328isup 3 |Voltage Corretor ] i 0. 0.
[Vohage Comector - PV1_Phase b Composte PV1_Phase b 2328isup 3 |Voltage Corretor ] 0. 0. 0.
Vahage Comector - PV1_Phase ¢ Composite PV1_Phase ¢ 2328istrup a Vattage Comector r 0. [ 0.
Vahage Comector - PV2_Phase 2 Composite PV2_Phase a 2328istrup a Vattage Comector u| C i 0. 0.
Voltage Comector - PV2_Phase b Composite PV2_Phase b 2328istrup [as] Vetags Correcter u| C 0. [i] 0,
Voltage Comector - PV2_Phase o Composite PV2_Phase ¢ 2328istrup [as] Vetags Correcter u| C 0. [i] 0,
Voltage Comector - PV3_Phase 3 Composite PV3_Phase a 2328istrup [as] Vetags Correcter u| C i [i] 0,
Voltage Comector - PV3_Phase b Composite PV3_Phase b 2328istrup [as] Vetags Correcter u| C 0. [i] 0,
Voitage Comector - PV3_Phase o Composits PV3_Phase ¢ 2328istrup [as] Vetags Correcter | C 0. [i] 0,
[Vohage Comector - PV4_Phase a Composte PV4_Phase a 2326itp O |VotageComector | ) ] 1 0. 0.
[Vohage Comector - PV4_Phase b Composte PV4_Phase b 2326itp O |VotageComector | ) ] 0. 0. 0.
[Voktage Comector - PV4_Phase o Composie PV4_Phase o 2326itup O |Vohtage Comector | ) ] 0 0. 0.
[Voktage Comector - PV_Phase @ Composie PV5_Phase 2326itup O |Vohtage Comector | ) ] 1 0. 0.
[Voktage Comector - PV5_Phase b Composie PV5_Phase b 2326istup O |Vohtage Comector | ) ] 0 0. 0.
[Voktage Comector - PV5_Phase ¢ Composie PV5_Phase ¢ 2326istup O |Vohtage Comector | ) ] 0 0. 0.
[Voktage Comector - PV_Phase @ Composic PVE_Phase @ 232Bistup O [Vollage Comector | O 1 0. 0
[Voktage Comector - PV_Phase b Composie PVE_Phase b 232Bistup O [Vollage Comector | O 0 0. 0
1] |Voltage Comector - PV6_Phase ¢ Composie PV6_Phase ¢ 2326istup O |VotageComectr | ) ] 0. 0. 0. &
| o
<M« »| M[\_Fexble Data_{ Scales %, Basic Data { Descrption
Lnl 57 object(s) of 57 1 object(s) selected  [Drag & Drop

Figure 2.17. Composite models list window

The common model has a reference to the Model Diefin(BlkDef), which looks similar to

the composite frame. Here different blocks arerdefiand connected together according to

the diagram. The input and output variables havié taith the slot definition of the slot that

the model is defined for.
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Usually not all slots of the composite model mustessarily be used: there can also be
empty slots. In such cases, the input of this islainused and the output is assumed to be

constant over the entire simulation.

2.6. Grid elements modeling in PowerFactory

After having described quite specifically the wayhigh has been chosen for the
characterizations of transformer, loads and PVsap@¥r 2.3 and Chapter 2.4) and after
having furnished several information regardingdperational structure of the PowerFactory
software (Chapter 2.5), in the following subparasaslot connections of the Composite

Frames related to network elements are presented.

2.6.1. Transformer Controller

Each single-phase transformer has been relateldetsame frame-block, which as can be
seen in Figure 2.18 is composed by three measutestwn, the Tapping log. EImTap*
slot, the Actuator- EImE~s*slot and finally the Transformer EImTr2*slot.

Because of the different test requirements of tha@ept (no tap action, three-phase
coordinated continuous tap action and single phasgnuous tap action) three measurement
blocks instead of just one have been used. Inlag the same frame-block could be
adapted to any scenario by managing the threet'injmeks’. The measured voltages have
been phase-n voltages and the measurement poibekasthe last bus-bar at the end of the
line, as described in the Chapter 3.1.

The only one voltage that time to time has beensonea (uA, uB or uC) was the input of
the second block (namelyTapping log. slot), the ‘heart’ of the control system: its
operations were based on a continuous tapping lgich according to the x-values (i.e.
voltage values) provided corresponding tap selegtmitions (y-values). The tap position
values have been manually furnished to the Pow&shasoftware as input data from a
‘look-up’ table, which represents perfectly the tonous tapping logic law of Figure 2.12.
If for instance a measured voltage value has asduaneintermediate value of the ones
reported in the ‘look-up’ table, thanks to the coamuh iapprox a linear approximation for

the corresponding tap position value has been geoli
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The output signal goes into th&ctuator- EImE~s*slot which is a delay-integrator block,
whose output signal goes into the last block, épgiies the new tap position to single-phase
transformers. For the three common models of thglesiphase transformers it has been

decided to consider a delay of 0.5 s.

Vmeas An uA 0

StaVmea*

Vmeas Bn uB JTappinglog. yi Actuator mi. Transfomer
StaVmea* ElmTap* ElmE~s* ElmTr2*
Vmeas Cn uc )

StaVmea*

Figure 2.18. Transformers frame block

The script which theTapping log. slot refers to are the following:

inc(nntap) =0;

inc(uA) =1,

inc(uB) =1,

inc(uC) =1,

luA = flagA*sqrt(sqr(ur_A)+sqr(ui_A));

luB = flagB*sqrt(sqr(ur_B)+sqr(ui_B));

luC = flagC*sqrt(sqr(ur_C)+sqr(ui_C));

u = flagA*uA+flagB*uB+flagC*uC;

Inote: the flag is needed because we are readiBgphilase meas.
I'we want to select just one input at the time
linc(u)=1,;

nntap =lapproxu,array_V);

lvardef(Vref) = 'p.u.";'Reference voltage'
lvardef(Vdeadband) = 'p.u.’;'Dead band'

The equations which the delay slotAetuator block— refers to are the following:

limits(T)=[0,)
inc(yo)=yi
yo=delayyi,T)
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2.6.2. Passive Loads

As already said, real measurement data have besh toscalculate the absorbed
active and reactive power amounts, which were &utat several text files and have
been used to characterize every single load.

Each load had the same frame-block nant@dmLoad which, as can be seen in
Figure 2.19 was composed by the MeasuremdtinFile* slot and the LoadSlot
ElmLod*. The first one opened the text files, read thévacand reactive power
values and gave them out as two outputs. ThesevdRext and Qext) were the
input data of the second block, which made the ldaatacterized by the real time-

depending absorbed quantities.

Pext
Qext

0L oadSlot

Meesreaert.?
E 1 ElImLod*

ElmFile* ;

Figure 2.19. Passive loads frame block

2.6.3. Active Loads

As already said, because the PV should be repesbast ‘constant-power’ active loads, an
additional block able to change the load behaviians ‘constant-impedance’ to ‘constant-

power’ has been needed.

This slot, called Voltage Correctort EImComy* is a proper ‘correction block’, which
implements the equation 2.3, whétg, is the active power read from the text file dhg,q

is the modified active power, which will effectiygjjo into the LoadSlot slot:

As for the transformer controller, three measurenidocks (instead of just one) have been
used. By managing these three blocks (enablingabetime), the same frame-block could
be used to refer the operations to the elementsexted to different phases.

The modified frame-block is reported in Figure 2.20
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Vmeas An °
StaVmea*
S
Vmeas Bn
StavVmea*
)
]
0 66—
0C Voltage Corrector
\S/?Tsas Cnlg » EImCom*
avmea Pref
3
X
)
a

Meesuremert.? OLoadSlot
ElmFile* 1E Qext TI L ElmLod*

Figure 2.20. Active loads frame block

The script which theVoltage Correctorslot refers to are the following:

inc(uA) =1,

inc(uB) =1,

inc(uC) =1;

inc(Pmod) =0;

lUA = flagA*sqrt(sqr(ur_A)+sqr(ui_A));

luB = flagB*sqrt(sqr(ur_B)+sqr(ui_B));

luC = flagC*sqrt(sqr(ur_C)+sqr(ui_C));

u = flagA*uA+flagB*uB+flagC*uC;

Inote: the flag is needed because we are readiBgphalase meas.
I we want to select just one input at the time
linc(u)=1,;

Pmod = Prefsqi(1/u) ;
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2.6.4.  Active Loads with Q regulation

As already said, for the second part of the sinmdat performed for the project, an

additional logic model for the PV reactive powenragement has been needed to be created.

As will be in detail described in Chapter 3.3, at@e reactive power control method has
been implemented: it provided reactive power vaheEording both to phase-neutral voltage

measurement and to active power instantaneous grodu

As it can be seen in Figure 2.21, the slot whiatiuides the reactive power management
algorithm is Reactive Power Calculatgrwhich as input has the corrected active power
value coming out from theé/oltage Correctarslot and the phase-neutral voltage measured

time by time coming from the/meassilot.

Vmeas An uA
StaVmea*
0
Vmeas Bn uB .
StaVmea*
Voltage Corrector | ¢
= ElmVol*
2
b3
Vmeas Cn uc
StaVmea*
Pext
OLoadsSlot
1ElmLod*
Pref
Meesurarert
ElmFile* ;
%
[
(o4
0

1

Qin|

Reactive Power Calculato. |
2 ElmRea*

3

4

Figure 2.21. Active loads frame block
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The output reactive power values have been caémiatcording to a ‘look-up’ table, which
has been manually furnished into the Common Maosiedgifications which time by time the
‘Reactive Power Calculatoslot is related to. It represents perfectly @ef(V,P) function
chosen in Chapter 3.3, since it directly providesctive power values in relationship to the

two inputs it receives.

If for instance a measured voltage or an active ggoproduction value has assumed an
intermediate value of the ones reported in thekiop’ table, thanks to the command
‘sapprox2 a spline approximation for the corresponding teacpower value has been
provided. Finally it has been decided to consideergain delay (2 s) in order to represent in

a more realistic way the real behavior of the iterer

The script which theReactive Power Calculatbslot refers to are the following:

inc(uA) = 1;

inc(uB) =1;

inc(uC) =1;

inc(Ppu) =0;

inc(Qpu) =0;

u = flagA*uA+flagB*uB+flagC*uC;

Inote: the flag is needed because we are readilBgphilase meas.
I'we want to select just one input at the time
linc(u)=1,

Ppu=Pmod/Pn;

Qpu = (elay(sapprox@Ppu,u,matrix_Q)),2))*OnOff;
Q= Qin + Qpu*Pn;

I OnOff is used to enable-disable the Q reg:

! OnOff=0 --> without Q reg

1 OnOff=1 --> with Q reg
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Chapter 3

Scenarios and Indexes Definition
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3.1. Testing scenarios

In order to run a proper feasibility study, it Heen necessary to consider the impact of the

device in several grid configurations by compatimg results of different study cases. They,



TESTING SCENARIOS

as said in advance in Chapter 2.4, have been ¢bharad by two different tapping logic
control systems, whose influences have been comiparéhe case without any tapping

action. Therefore the three control actions are:

« ‘Base Cask the transformer is not equipped with any tapndiag device;

e ‘3-Phase Casethe OLTC is controlled synchronously on the thyghases, taking
as reference the phase-neutral voltage at phase a;

e ‘1-Phase Casethe control is set to independently commutettpeposition on each
phase winding.
The network layout and the passive loads profibesh(in terms of active and reactive power)
has always been the same, since a real Danishve@dssv voltage network from Dong

Eldistribution has been considered as reference.

Therefore, starting from this passive layout, otbeveral different grid configurations have
been studied. Basically they have been charactefizedifferent penetration levels and
different unbalanced connections to the grid of Ismistributed generation plants from
renewable sources, precisely photovoltaic planigha&se cases could be considered divided
into two main categories: first considering thatsPifject only active power without any

reactive power contribution, and then consideri@gain reactive power control logic.

The assumption of the lack of Q injection-absonpiiothe first cases is justified by the fact

that in Denmark there is no standardized grid aim®it the reactive power regulation by the
PV plants connected to the low voltage network. Ruthis, it has been decided to create a
function according to some topics taken from btahdn and German Technical Standards —
respectively CEI 0-21 and VDE-AR-N 4105 — (as didmsat in detail in the Chapter 3.4).

For each study case and each PV penetration lexdral parameters have been monitored

and analyzed during the daily simulations:

¢ Phase-neutral voltages at each bus;
« Phase-ground voltages at primary and secondaryo$ithe transformer;
* Neutral conductor potential at each bus;

* Voltage Unbalance Factor — VUF — at the bus inwviloest phase-neutral voltages
conditions;
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« Absolute and relative line power losses for eadspltand the total ones.

For each parameter monitored, in order to checKehsibility of the device in that specific

grid layout, different limit values have been calesed.

3.1.1. Phase-neutral voltages at each bus

The limit values of the phase-neutral voltagesaahebus must stay within is £10% of the

nominal value, i.e. between 0.9 and 1.1 p.u.. bleoto find the bus characterized by the
most unbalanced conditions it has been decideddlyze the phase-neutral voltages at each
bus. According to the ‘worst bus’, voltage valueslgsis and VUF calculations have been

performed.

As example hereby a 3D plot of the phase-neutrishges at each bus is depicted in Figure
3.1. It refers to a random analyzed case: the bagacterized by a single-phase tap changing
regulation and by a PV penetration level of 30%. @& PV power of 105 kW equally split
into phases a and b) without any reactive powetrabrAs it can be easy deduced, the bus
characterized by the most unbalanced conditiotieei®ne at the end of the line, i.e. bus 6.

Phase-Neutral Voltages - PV30% - 1 Phase Case

IR I rhase a
“r~~__ | I rhaseb
|
|
|

- Phase c

Voltage [pu]

Figure 3.1. Phase-Neutral Voltages at each bus
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Actually the final bus is the one at the end ofe_irl-13, i.e. bus 6.3. For this reason all the
analysis regarding the phase-neutral voltages dk asethe calculations of the voltage
unbalance factor VUF are performed referring to 68 which for simplicity, from this

point forward is called bus 6.

3.1.2. Phase- ground voltages at the secondary side dfsimsformer

As described in Chapter 1.2, the maximum acceptableage drop from the primary
transformation substation (i.e. from the HV/MV tséormer) to the final user is +10% of the
nominal value. For this reason, assuming that tleslimm voltage distribution line is
characterized by a voltage drop of around 5%, thgimum acceptable voltage drop along
the low voltage feeder is supposed to be +5%. &all§i can be said that the limit range of

the phase-ground voltages at the secondary sitteedfansformer is between 0.95 and 1.05

p.u..

3.1.3. Neutral conductor potential at each bus

About the neutral conductor potential at each lsusse it is considered as a proper active

conductor, there is not any specific standard whigboses any limit.

Nevertheless it is common to get the voltage dropsitored, because high values of neutral

conductor voltage could be dangerous.

In addition, they have to be taken into accountesitey are caused by the neutral conductor
current. It has double meaning: it provokes indrep®f line power losses and it is an
indicator of the unbalance of the grid, since i igroper representation of the zero sequence

of the three-phase voltage.

For these reasons has been decided that the neotrdlictor potential at each bus should

stay below 5% of the nominal value, i.e. below 12 V

It has been noticed that in all the cases studiednteutral conductor potential always
assumes highest values at bus 6: thus only coroparisetween its shapes at bus 6 have

been plotted.
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3.1.4. Voltage Unbalance Factor — VUF — at the bus inwlwgst phase-neutral
voltages conditions
In a three-phase system, voltage unbalance takee pthen the magnitudes of phase or line

voltages are different or the phase angles diftanfthe balanced conditions, or both.

As it will be said in Chapter 3.6, the Voltage Ulaee Factor definition chosen is thieue
Definition, which is defined as the ratio of the negativeusege voltage component to the
positive sequence voltage component. The percentatpge unbalance factor (% VUF), or

the true definition, is given by equation 3.5.

According to the European Standard EN 50160 [H, Woltage Unbalance Factor has the
following limitation: under normal operating condits, during each period of one week, 95%
of the 10 min mean r.m.s. values of the negativ@splsequence component (fundamental)
of the supply voltage shall be within the range @®% of the positive phase sequence

component (fundamental).

3.1.5.  Absolute and relative line power losses for eachisghand the total ones

It has been decided to monitor the power losséisdrlifferent cases and in the different test

scenarios, in order to evaluate the impact of th& ©device on line losses.

As it will be said in detail in Chapter 3.5, thepapach used is based on active power
measurements for each phase: values measuredhaglitheoltage side of the transformer, at
the load busses and at the PV busses. The ideacedulate the power losses of lines by
subtracting the total absorbed power (the amoumtctiffe power absorbed by all the loads
and the power which flows from the LV to the MV aithrough the transformerP, ;")

from the total injected power (the amount of acfeaver injected by the PV plants and the

medium voltage networkP;y"), as it is shown in equation 3.10.
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3.2. PV cases

Maintaining always the same passive load grid gomfition, a certain amount of distributed
PV plants has been considered connected to the Asdalready said above, for each
different total PV power connection case threeeddht scenarios have been studied: the

base case, 3-Phase case and 1-Phase case.

Certainly since several scenarios needed to béstudot only a single and unique PV case
has been defined. Thus it has been necessary toessated power amounts and natures of
the PV power plants which case by case have bemmected to the network with different

phase-connection configurations.

As first step some hypothesis and assumptions lbeee taken into account, such as:
e Theoretical reference daily PV production;
e PV penetration level definition;
e PV connections to the three phases;

* Reactive power regulation by PVs.

Regarding the input PV power, for every single P¥inp (‘customer’) always the same

reference day has been used.

As depicted in the graph in Figure 3.2, it has bdecided to take as reference a typical
May-day PV production of a 1 kWp PV plant in cleks condition and with different panel
orientations: the panels are pointing South (bie)] or are scattered in various orientation
and inclination, from East to West from 30° to 45&d line). In this way two different
output power cases are shown: with- and withoutraped systems. For the simulations the

‘optimized systems’ active power values have besulu
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Reference Day PV Production

— Optimized system
Non-optimized system|
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Figure 3.2. Reference daily production of a 1kWppRnt under optimized and non-optimized conditions

These values have been considered to calculate, lpagase, the different active power
injection values from the six PV buses respectivetp the three phases. In other words,
basing on this reference graph, it has been pestibtreate all the input values for these

active loads.

The input power values are saved in several tkeg, fivhich will be open to characterize the
PV behaviors during the 24 hours day-time, sinesahactive loads, exactly as the passive

ones, refer to the same frame-block.

The residential solar plants have been supposed tharacterized by an installed capacity
of 5 kVA. In this way the PV penetration level defd in this study has been calculated as
the number of the customers installing a 5 kWprsplant divided by the total number of

customers.
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Generally the total installed PV peak power in anatwork is determined by the number of

customers, the maximum rated power of one PV ievél kVA) as well as the penetration.

According to the definition used in [24], PV pemion levels are defined as described

below.

This method to estimate the amount of PV in thevagt has the advantage of giving the
possibility of creating a uniform distribution assothe entire feeder of PV power. Naturally
practical cases may differ from this situation. T#é penetration levdlpy, is expressed in
percent and in combination with the number of AWEISN ., 5romers @Nd the maximum
rated power of one PV invert8y (5 kVA) it determines the total installed PV powerthe

respective feedefp,, as in equation 3.1.

Lpy[%] = Neustomers'Sr . 100 = SBV_. 100 (3.1)

Stor Stor

It has been considered that the total amount oP¥h@ower plants is 70 ‘customers’, and all
of them have an installed peak active power of 5k8b it has been assumed that the total
PV power considerable is 350 kW, which correspotmsthe scenario of 100% PV

penetration level.

For the simulations it has been necessary to ddiioth the input values of the PV
production levels during the day and the way ofnemtion to the network, which depends

on the different penetration levels and phase aciores of the different cases.

As it can be seen in Table 3.1, different scenahmiige been considered: depending on the
PV penetration level [%], the total number of PMstomers’ (each one with a PV power of

5 kWp), and how the total PV power is split in theee phases [% for each phase].
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PV Total PV power for a LV Phase conne_:ctlons Number of

. . ) (a, b, ¢ with customers

penetration | network with 70 customers; .
) different
level [%] one PV inverter 5 kVA .
penetration [%])

0 0 N.A 0
10 35 a (100) 7
20 70 a (100) 14
30 105 a, b (50,50) 21
40 140 a, b (50,50) 28
50 175 a, b (50,50) 35
60 210 a, b (50,50) 42
70 245 a, b, ¢ (50,30,20) 49
80 280 a, b, ¢ (50,30,20) 56
90 315 a, b, ¢ (50,30,20) 63
100 350 a, b, ¢ (50,30,20) 70

These scenarios have been considered as refermnite freal simulations which have been

run.

Suddenly it has been noticed that the unbalancmgnections of the 30 to 60% PV
penetration cases (50% of the PV power installgzhase a and 50% at phase b) lead to not

Table 3.1. Different PV penetration level charazations

too realistic and acceptable results.

Hence further scenarios characterized by less anbafl connections have been studied

(Table 3.2):
PV Total PV power for a LV Phase connections Number of
penetration | network with 70 customers; (?j’if?éfevr:ltlth customers
level [%] one PV inverter 5 kVA :
penetration [%])
40 140 a, b, ¢ (50,30,20) 28
50 175 a, b, ¢ (50,30,20) 35
60 210 a, b, ¢ (50,30,20) 42

Table 3.2. Additional less unbalanced PV penetraliavel characterizations
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Since the Danish grid code do not provide for aghhical guidelines about the reactive
power management by the small distributed genergdiants connected to the LV network,

as first approach it has been decided to run allsimulations without any reactive power
regulation. After these cases it has been chos@mglement a function able to define the
amount of reactive power injection/absorption bg #Vs, so that it could be possible to
compare the results and look for its influence; lysig& and comparisons have been
performed in the 1-Phase cases, which are actalalymost important for the proper

feasibility study. In this way it has been possiidenalyze the effects of the reactive power

regulation algorithm in the best cases and séeitituation could be further improved.

3.3. PV reactive power regulation

Considering the possibility of the PVs to injectdaabsorb inductive-capacitive reactive
power, it could easily be possible that the PV ingstapacity of the network could be
higher than the limits which have been found presip. Anyway it has been interesting to
study all the effects — both positive and negativeeghich this further regulation could lead

to.

Different reactive power control methods are pdssibased on fixed Q values or depending
on other parameters, such as voltage at the PVection bus or active power injected by
the plant. Basically 5 main methods are potentiallgable: fixed co®, cos(P)

characteristics, fixed Q, Q(U) droop function arhrote set values method

As previously said, owadays the Danish grid codendd provide for any technical

guidelines about the reactive power managemenhdysinall distributed generation plants
connected to the LV network. Anyway, since Denmdiddy and Germany belong to the
same synchronous region, it is reasonable to expettfuture Danish requirements will

experience harmonization with other European reiguis.

For this reason it has been decided to start flmmtalian and German technical standards
in order to implement an algorithm which could W&ceent and practically conform to the

European guideline.
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The function of the controller has been createslicg to technical rules for low voltage
active users recommended by the Italian and Gerfismhnical Standards — respectively
CEIl 0-21 [25] and VDE-AR-N 4105 [26] (which will bleetter described in Chapter 3.4).
These standards set different requirements on ahetive power production by the PV
inverter greater than 3 kW and define several tiaria depending on the size of the plant

together with specific DSO-users agreements.

Starting from these guidelines and with referec27], a new regulation function has been

created: it has both voltage and active power d#grase, as described in equation 3.2:

Q=fV,P) 3.2)

The implemented Reactive Power Control capabiRPC capability) from PVs is depicted

in Figure 3.3.

0.5

RCP Capabilty for PV Inverters

0.4

0.3

Reactive power [pu]

-0.2

-0.3

-0.4

-0.5
Voltage [pu] 09 0 Active power [pu]

Figure 3.3. Reactive Power Control capability fov ihverter
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An extremely important note is that in our projdat PVs have always been considered as
loads. Because of this, positive values of reagtiweer mean that it has an inductive nature
and gets absorbed by the PV; on the other handeggtive — it behaves like a capacitor and

it is injected into the grid.

The main objective of this control is voltage lomerby reactive inductive power absorption
whenever the PV is producing high amount of powée voltage rises may be particularly
sensible if the PV is localized in weak feederdemders with high density of other active

sources.

According to the European Standard, voltage lirhése been set to +10% the nominal
voltage U, i.e. U,;7=0.9 p.u. and kh=1.1 p.u. The green area between 0.9%nd 1.01 |J

can be interpreted as a dead band without anyiveggower control regardless how the
produced active power changes. The red area repsesperation in overvoltage conditions
when the inverter consumes reactive power up topQ5in order to lower the voltages.
Likewise, the inverter injects up to 0.5 p.u. clicve power when operation conditions are

in the blue under-voltage area.

3.4. [talian and German technical standards

Both the Italian Technical Standard CEl 0-21 [254 the German VDE-AR-N 4105 [26] set
different requirements on the reactive power prtidacby the PV inverter greater than 3
kW and define several variations depending on the af the plant together with specific

DSO-users agreements.

Hereby detailed descriptions of the two standardgeesented.

3.4.1. Italian Technical Standard CEI 0-21 — Rules forg@s and active users

All the DG plants characterized by nominal powesager than 3 kW and connected to the
grid through one or more inverter devices mustig@agte to the voltage control by reactive

power absorption.
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The absrption and emission of reactive power is orientedhe limitation of ove- and
undervoltages which take place due to the generatolf ilmcause of the active pow

injection.

In the Standard guideline there is a part includiegeral rules along th the capability
curves that must be respected by the active ubensarticular, as showed iFigure 3.4,
there are two curves (one binding called triangakapaktlity and the other one option
called rectangular capability) about the voltaggutation by means of the reactive po\
control. The triangular capability obliges the irtee to change its power factor if the plan
producing active power and volt: out of the predetermined tolerance band. The rgatan
capability requires changing the power factor e¥éime plant is not producing active pow

instead.

P /P, [%]
1

[ PP p—————

-0.484 0 0434 /P, [%]
B vP="P,,10|=0484-P
VP =P,,|Q| =0.484-P,

Figure 3.4 Rectangular and triangular capability curves, faverters in power plants with total power Sk W

PV plants bigger than kWp have to absorimject reactive power following a certain log
according one of the following wa

» According to thea’ curvecos ¢ (P) in Figure 3.5;
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e According to a constambs ¢ value (curve ‘b’ in Figure 3.5) which can be gt t
the maximum capability limit of 0.9 (0.95 if theapit is lower than 6 kW).

All the converters must be set the characterigfive ‘a’, which is univocally defined as

linear interpolation of three points:
e A P=0.2P,;cosp =1;
« B: P=0.5P,;cosp=1;
e C: P=P,;cos¢@ =cosS@puin -

Wherecos ¢.,,;,, 1S equal to 0.95 for plants with power till 6 kWto 0.90 in case of
converters bigger than 6 kW.
The standard characteristic curve Fagure 3.5s defined by two points:

e D: P =P, ;cos@ = cos Qu;y ;

« E: P = 0.05P, ; cos @ = coS Qpjn -

Charecteristic curve, type a)

Charecteristic curve, type b)

0.05 0.2 05 1
- >
i No regulation (cos=+0.98)
N a type)
b type)
COPpin " : - - N
N D C

cosp,i,= 0.9 -0.95

Figure 3.5. Standard characteristic curvass ¢ = f(P)
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PV plants bigger than 6 kWp needs a inverters @bédsorb-inject reactive power following

a certain logic based on V values, following a tiorcQ=f(V).

This type of regulation could need to exceed trengular capability curve, therefore in

these cases the rectangular one could be setias lim
According to the two plots in the picture belowe ttonvention utilized is the following:

« Positive reactive power: the generator absorbstiveapower injecting current

which is delayed compared to the voltage;

* Negative reactive power: the generator injects ti@acpower injecting current

which is advanced compared to the voltage.

<
N
Y

Curve a Curve b
Figure 3.6. Standard characteristic curves Q=f(V)
Since the reactive power regulation based on weltageasurementQ=f(V) is

conventionally seen as finalized to perform a ‘gsetvice’ asked by the distributor, this

modality is activated only at the instance of tigributor.
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The characteristic curv@=f(V) is univocally defined by the following parameters:
e V; andV, are defined by the DSO, but it must be:
oV, <Vig i Vos < Viax i Vo > Vi s Voi < Viing
o Vpin =09V, ;
* Viax < 1.1V ;
*  —Qmin @and+Qax COrrespond to the limits of the triangular capabof Figure 3.4;

e The provision for the reactive power regulatiofuisiished by the DSO to the active

user together with the connection authorization;

» According to the network topology, the load and teed-in power, the DSO can
provide different characteristic curves, but thaystrbe related to the one in Figure

3.6, but with different limit values (within thenits above).

The operation mode with automatic reactive powgulaion according to the lawd=f(V)

of Figure 3.6is enabled when the feed-in power exceeds theitoealue, which i9.20 B,
by default, but can be changed betwédm P, andP, with 0.10 P, steps.

The feed-in stops when the active power reducesabtie lock-out value, by default equal
t0 0.05 B,.

Operating mode of automatic reactive power regumataccording to the standard
characteristi®Q=f(V):

* Referring to Figure 3.6-a: for V> V 5 or V < Vy; the inverter shall check if the

injected active power is bigger than the lock-in value;

» Referring to Figure 3.6-b: for V > V, or V < V;; the inverter shall check if the

injected active power is bigger than the lock-in value;

« If the check is positive, the reactive power regulation is activated according to
the profiles in Figure 3.6 within 10 seconds, otherwise the machine keeps on

injecting power with cos ¢ equal to one till when P is lower than lock-in value;

* The operation condition gets deactivated ONLY if the active power injected is

below the lock-out value, or the voltage measusesithin the rang;, — V;.
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3.4.2. German Technical Standard VDE-AR-N 4105 - Powereggion systems

connected to the LV distribution network

Power generator systems shall allow for operatiomlen normal stationary operating
conditions in the voltage tolerance band +10% Ud #reir permissible operation points
starting with an active power output of more th&%620f the rated active power with the

following displacement factorss ¢:
*  Smax < 3.68kVA
0.95 nder—excited < €0S @ < 0.95,,6r—excitea IN @ccordance with DIN EN 50438;

¢ 3.68KVA < Spax < 13.8KkVA

IA

Characteristic curve provided by the network operatithin 0.95,,,4er—excited

Ccos @ < 0-950ver—excited ;

e Spax > 13.8kVA

IA

Characteristic curve provided by the network operatithin 0.90,,,4er—excited

cos @ < 0-9Oover—excited .

In the load-reference arrow system, this meangeeation in Quadrant Il (under-excited)

or Il (over-excited).
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I T orpP, |
under-excited under-excited
/// \\\
’ \
/ \
0,33 \
- \
\
/ : ‘!
-1,0 10 PIP
-0,2 -0,33 / n
o /
//
\\ y;
11 N e \Y;
over-excited ~~__ | __~-~  over-excited

Figure 3.7. Limit power range for the reactive4 mowf a power generation system within the rang& @8 kVA < S,,4 <
13.8 kV A (load-reference arrow system)

I /Py |

under-excited under-excited

-1,0 / . Fio P/Pn>

[l N _ d Vv
over-excited ~= - over-excited

Figure 3.8. Limit power range for the reactive4 mowf a power generation system within the rangg,gf. > 13.8 kVA
(load-reference arrow system)

Within the hatched triangles for the reactive polimait shown in Figure 3.7 and Figure 3.8

the reactive power of the power generation systeati be freely adjustable.
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Upon a change in the active power, the reactive gpoghall be able to adjust itself

automatically in correspondence to the predefiruedy.

Type and set points of the reactive power settiridy e determined by the respective
network conditions and can therefore be providedividually by the network operator

within the limit triangles.

For power generation systems, whose power gensgratiots feed over inverters or
synchronous generators capable to generate reguiiwer, it is permitted to provide as

default either
e Adisplacement factor/active power characteristic cos ¢ (P); or

¢ Afixed displacement factor cos .

If the network operator provides a characteristicve, then any set point resulting from that

curve shall be set automatically on the power gaitar unit within 10 seconds.

As a rule, characteristic curve based regulatical stot be applied for power generation
systems with generators directly coupled to thevadt which, due their very operational
principle, cannot control the reactive power amgréfore, use constant capacities. In that

case, the network operator provides a fixed digpteent factocos ¢.

The characteristic curvas ¢ (P) is suitable for power generation systems withttiating

power feed-in, such as PV systems.

As can be observed in Figure 3.9, the PV inverégesrequired to inject reactive power
(inductive) starting at 50% power generation andl@®% the power factor reaches 0.9
(lagging) per units with rated power above 13.8 kaffd 0.95 (lagging) per units below this

level.

One property of this type of control is that thevarters will inject reactive power
independently of the location in the feeder in camgon withQ(U) algorithm in which the
farthest inverter would inject always more reactpmwer than the ones closer to the
transformer. Thus, overall better control of thétage is assumed, since all inverters in the
network are taking part. The disadvantage is thatinverters might inject reactive power

into the network even though it may not be requ{redovervoltage situation).
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cospt

0.90/0.95* :
- |
Q |
s g 1
(@] 1
x 1
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o |
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© : I:)/I:)Emax
Q |
> |
g
¢ |
TR
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C 1
> 1

0.90/0.95* :

Figure 3.9. Standard characteristic curve fars ¢ (P) ; *) depending o}’ Sgmax

Depending on network topology, network load andifeepower, the network operator can

also require a characteristic curve differing frahe standard characteristic curve for
cos ¢ (P).

For excess feeding the use of an ‘intelligent’ teaccurrent compensation system is
required, which, depending on the overall behasfahe customer system for extraction or
feed-in, regulates the displacement factor resygmgtirequired for the entire customer
system at the network connection point. As long the required reactive current
compensation systems are not commercially availdbie advisable to use a differentiated

approach when specifying the displacement faaiser of the power generation system.

In cases where the feed-in power is less than loing of the maximum extraction power
agreed, a specific default for the displacementofais normally not required, nevertheless

for minimization of the losses in the entire systerset value of 1 shall be aimed for.
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If a reactive energy clearing is applied that Buenced by the power generation system,
than both the network operator and the system tpeshould always coordinate their
procedures for a reactive power compensation ofctstumer system and for the default

displacement factor for the power generation system

3.5. VUF calculation

As previously said, a very important parameterdltridate and monitor has been an index

able to quantify the amount of the Voltage Unbagéanc

In a three-phase system, voltage unbalance takes pthen the magnitudes of phase or line

voltages are different or the phase angles diftanfthe balanced conditions, or both.
The three possible definitions of Voltage Unbalaamestated and analyzed below.

« NEMA (National Equipment Manufacturer's Associajiddefinition: the voltage
unbalance, also known as thne Voltage Unbalance RatgVUR), is given by

equation 3.3:

max voltage deviation from the avg line voltage
g U 9 9€ %100 (3.3)

%LVUR =

avg line voltage

It assumes that the average voltage is always dqudlle rated value and since it

works only with magnitudes, phase angels are robudted.

« |EEE Definition the voltage unbalance, also known asRhase Voltage Unbalance

Rate(PVUR), is given by equation 3.4:

max voltage deviation from the avg phase voltage
9 U g 9€ 4 100 (3.4)
avg phase voltage

%PVUR =
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The IEEE uses the same definition of voltage unizaaas NEMA, the only
difference being that the IEEE uses phase voltegger than line-to-line voltages.

Here again, phase angle information is lost simtg magnitudes are considered.

» True Definition the true definition of voltage unbalance is defiras the ratio of the
negative sequence voltage component to the pos@geence voltage component.

The percentag¥oltage Unbalance Facta@e VUP), or the true definition, is given
by equation 3.5:

negative sequence voltage component
%VUF = — *
positive sequence voltage component

100 (3.5)

The positive and negative sequence voltage comperaea obtained by resolving
three-phase unbalanced line voltaligs, Vi, , andV,, (or phase voltages) into two
symmetrical componentg,,; andV,., (of the line or phase voltages). The two

balanced components are given by equations 3.8 .dnd

_ VaptaxVpc+a?«Ve,

Voos . (3.6)
Vap+a?sVpctaxVeyg
Vog = et et (3.7)

Wherea anda? are two complex operators whose definition is shosgpectively in
equations 3.8 and 3.9:

(3.8)
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.2
P O St (3.9)

It has been decided to use the last unbalancer fdefmition, i.e. the True Definition.

The VUF calculations have been performed by udiegsbftware Matlab. All the values of
the positive and negative sequence voltage compereve been obtained directly from

PowerFactory as text files and used as input méadrikatlab operations.

3.6. Power losses calculation

In order to evaluate the technical feasibility,saturate power loss calculation (even phase

by phase sometimes) has been needed to be performed

Certainly always the same algorithm has been usedthe different study cases and

scenarios.

Basically the software Power System offers the chda estimate the line losses directly by
using the correspondence tool: it calculates the losses branch by branch and phase by
phase so it would have been possible to find oattttal power loss of lines for each

network configuration case simply by adding them.

From a theoretical point of view this method isfisignt but not from a practical one: in fact
in the reality it would be impossible to know aqsrithe amount of power loss of each

branch. For this reason a different calculationhmédthas been used.

The approach which has been used is based on activer measurements for each phase:
values measured at the high voltage side of tmsfivamer, at the load busses and at the PV
busses. The idea is to calculate the power loskkses by subtracting the total absorbed
power (the amount of active power absorbed byhalllbads P, ;") from the total injected
power (the amount of active power injected by thé fants and the medium voltage

network P;y’), as shown in equation 3.10.

Pross = Pin — Pour (3-10)

77



POWER LOSSES CALCULATION

Because the PV plants have been modeled in theaeftas active loads — but still loads —
the active power measured at their busses restdtdue negative: for this reason their
absolute values needed to be considered. Moreasitchbe noticed that, because of the
power injection of the PVs, the phase power measat¢he HV side of the transformer was
not always positive, but it could result negatiVéis is due to the fact that sometimes the
medium voltage network absorbed power from the Voltage side instead of supplying it.
For this reason the phase active power measurttk dtansformer has been needed to be
considered with its effectively sign and not to tise absolute values, so that if positive it

had to be added to the PV power while if negativead to be added to the load power.

As described, the power loss calculation equatiohl( is the following:

Pross = Pin — Pour = |Ppy| + Prgp — PLoaps (3.11)

This formula has been used individually for theethphases, as well as globally for a total

power loss calculation.

Since the locations of PV plants and loads in ti lgave not been taken into account, what
have not been calculated are the single lossesibiay branch. In fact with this approach
the calculation goal was to find the total powesskes of the whole low voltage network,
including the transformer inner losses. This caméduced by the following picture (Figure
3.10), which as example refers to part of the ammlylow voltage network and only to the

phase a.
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Prra>0 §
Prra<0 1 : Tﬂ Extema Grid
£
2
>
H
PCC
b Bust
Bus2 Piii1a @ Pri2aq ‘ ‘PI’VLH| 1t
V v
[
t ‘Pl’vz,a| ‘ Pz q b Bus3
Pz d |Ppysa| T
V v

Figure 3.10. Power flow conventions for the poveesskes calculation

It can be seen that the rows are red colored whberepgets out of the gridk,,+": loads
absorptions or negative power through the trangdoymvhile they are green when it gets in

(‘P;n’: PV power injections or positive power througte tinansformer).

Another important calculation which has been penfd is the comparison of the calculated
power loss amounts to the total injected powerctvimeans the calculation of the ‘Power

Loss Ratio’ by using the following principle (3.12)

0%PLR = £L055 4 100 = Zm=Pour, 109 (3.12)
P P

IN IN

As said, the?;y definition changes during the day time becausthefifferent sign that the
power at the transformer could have. In this wapas been assumed that it should be

considered as part &fy if it has positive value, otherwise it should bhetincluded.
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Basing on this consideration, the following fornai(8.13 and 3.14) can be written:

e if Prg > 0 the Power Loss ratio is:

%PLR = P;oss +100 = PIN;POUT +100 = |Ppy|+PTR—PLOADS +100 (3.13)

IN IN |Ppy|+PTR

d if PTR <0itis:

%PLR = P;oss +100 = PIN;POUT +100 = |Ppy|+PTR—PLOADS +100 (3.14)

IN IN |Ppyl

This formula has been used individually for theethphases, as well as globally for a total

power loss calculation.
All these calculations have been performed by utiegoftware Matlab.

All the active power values have been obtained fRwwer Factory as exported text files

and used as input matrix for Matlab calculations.

For each case of different PV penetration leved,dame script file has been used. Each one

contains the code for the 3 different cases (base,3-Phase case and 1-Phase case).
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Simulation Results
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WITHOUT Q REGULATION CASES: PLOTS AND NUMERICAL REA.TS

4.1.

Without Q regulation cases: plots and numerical reslts

All the following scenarios will be based on conipans between the base case and the 3-

phase case as well as between the base case dnghhee case.

The plots and the numerical results reported vell b

Phase-neutral voltages ate the worst bus;

Phase-ground voltages at the transformer levelh, diothe MV and the LV sides;
Neutral-ground voltage at the worst bus;

The VUF at the worst bus;

Total power losses of lines;

Total power loss ratio;

A table containing numerical values of energy am®uwantering/exiting into/from

the system.
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PV10% — 35 kW — phase a

PV10% — 35 kW — phase a

4.1.1.

Out of the phase-neutral voltage profiles at thestvbus (bus 6) from base case to the 3-

phase case, only the voltage at phase a gets ttngr.u., since the tap control is based on

phase a measurement. Phase-neutral voltages apddiipns are depicted in Figure 4.1 and

in Figure 4.2.

Phase-Neutral Voltage at bus 6: base case / 3-phaage- PV10%

1.16
11204~

----BaseCase-b [
-~ - -BaseCase-c

- -~ -BaseCase - a

|t

3-Phase Case -
— 3-Phase Case
——— 3-Phase Case -

[nd] abejjon u-aseyd

24

22

20

Time [h]

Figure 4.1. Phase-Neutral Voltage at bus 6 — 3-fBase Case comparison in the scenario with 35 kiA/aconnected to

phase a

Tap Position: base case / 3-phase case - PV10%

——— 3-Phase Case

~ ~| ===-- Base Case |

10

uonisod de|

24

22

20

14 16

12
Time [h]

-2.5

Figure 4.2. Tap Position — 3-Phase/Base Case commpain the scenario with 35 kW of PV connecteghiase a
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On the other hand in the 1-phase case the tapotastsased on all the three phases values,
Phase-Neutral Voltage at bus 6: base case / 1-phase- PV10%

so that all the three phase-neutral voltages asechko 1 p.u.. Phase-neutral voltages and tap

positions are depicted respectively in Figure 48 ia Figure 4.4.

PV10% — 35 kW — phase a

-2.5

o
=
ko]
Q
°©
Q
c
< c
W W W N g —
| | | cTQo 00 0o W L 29
| | | oo 228 8 QR
| | | QL OOO0OO0| | =< L OO0
\\\\\\\\\\\\\\\\ 0 u u H H
[ [ i T8R800 owaoN ] 2 oo o
OO0 v v n O N n v
! ! ! T T © - C T ©
I T3l £ Fisd
| | |
I R S E&& 4 24llo = S ogoRol]
o
| | | bt N = o 1
I I I [ I N H
| | | [ c o i
| | | [ ® % W_ 1
e St Mt o] 2] o T T
| | | | | ) \ |
| | | | | < |
| | | | | M @ |
I S N B Sl _d___1____© = 8 L]
| | | | | — c o
| | | | | w )
| | | | | = %
| | | | | < m c
T T I £ & "
| | | | | — m “_
| | | | | =, P ©
Lttt JEL S L ) ) ne 0 @bt rEEN
T T T T 1 1 1m T 5 %
| | | I I I = O o
I I I I I I [ o< ()
| | 5 - | | o 0 > %
B B S e R e e b g 5
I | - | | | : c
| | T~ I | | — i)
| | T - | | | =
s St i Sk ——q---q4---—@® © % --7
: : B : : 9 a
S
| | | | I o @
| | | | |
[~ "7~ "1 "o« ity Rty Rt ® e R e i < 1 Y A it e el
| | | | | | <]
| | | | | | >
[
| | | | | | W
1 B e T IR I - —
| | | | | | >
| | | | | | <
| | | | | | =
| | | | | | ~ w
=T~~~ T-~—~-77 Sttt Bt By -7
| | | | | | W&
| | | | | |
| | | | | | %
| | | | | | | o c
~ © < = © N © < o
< o o @ o o © :
- I - (=} o o o «
<
[nd] abeyon u-aseyd ® uonisod de|
5
2
[

20 22 24

18

Time [h]
Figure 4.4. Tap Position — 1-Phase/Base Case commpain the scenario with 35 kW of PV connecteghiase a
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PV10% — 35 kW — phase a

As it can be seen in Figure 4.5 the phase-grourithges at the primary side of the

transformer do not change in the 3-phase case cemhpa the base case. On the other hand

(Figure 4.6), at the LV side they change becausdéef-phase tapping, staying within the
range -3%/+1.5%.

Phase-Ground Voltage at transformer MV-side: base ¢ 3-phase case - PV10%
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Figure 4.5. Phase-Ground Voltage at transformer Mde — 3-Phase/Base Case comparison in the scen#hd5 kW of PV
connected to phase a

Phase-Ground Voltage at transformer LV-side: base ¢ 3-phase case - PV10%

1.06

1.04

1.02

[N

Phase-g Voltage [pu]

©
©
@

- -~ -BaseCase-a
----BaseCase-b
-~ -BaseCase-c

|
|
l
|
0'967777?7777T 77‘ | | | ‘77777—3-Phase0ase-7z
: : : : : : : : — 3-Phase Case -|I
| | | | | | | | = 3-Phase Case -
094 L | | | | L L L T T
0 2 4 6 8 10 12 14 16 18 20 22
Time [h]

24

Figure 4.6. Phase-Ground Voltage at transformerditfe — 3-Phase/Base Case comparison in the scew&h®35 kW of PV
connected to phase a
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PV10% — 35 kW — phase a

The same situation is valid at the MV-side in thghhse case, as it can be seen in Figure 4.7.
At the LV side they change independently becaushefil-phase tapping, staying within the
range -3%/+2% (Figure 4.8).
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Figure 4.7. Phase-Ground Voltage at transformer Mde — 1-Phase/Base Case comparison in the scenhd5 kW of PV
connected to phase a
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Figure 4.8. Phase-Ground Voltage at transformerdide — 1-Phase/Base Case comparison in the scewéhd5 kW of PV
connected to phase a

86



PV10% — 35 kW — phase a

As shown in Figure 4.9, the neutral-ground voltagbus 6 does not change after tapping, so
Neutral-Ground Voltage at bus 6 - PV10%

its peaks stay below 2.3%.
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Figure 4.10. VUF at bus 6 — 3-Phase/1-Phase/Base€amparison in the scenario with 35 kW of PV eoted to phase a




PV10% — 35 kW — phase a

As it can be seen in Figure 4.11 and Figure 41 tdtal power losses of lines and the total

power loss ratio as well do not increase afteritapm both the cases.

Total Power Losses - PV10%
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-Phase Case
— 1-Phase Case
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Figure 4.11. Total Power Losses — 3-Phase/1-Phass/Base comparison in the scenario with 35 kWMoEdhnected to

phase a
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Figure 4.12. Total Power Loss Ratio — 3-Phase/1deifaase Case comparison in the scenario with 35&®Y/ connected to

phase a
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PV30% — 105 kW — phases a and b

In Table 4.1 the total energy amounts absorbeddagd, injected by PVs and the amount
through the transformer are reported together thi¢ghabsolute energy loss, the energy loss

ratio and the energy deviations from the base case.

Total Energy Total Energy Energy Energy Loss Deviation
absorbed by injected by PV | Energy through the | Energy Loss Loss [%, compared to base
Case loads [KWh] [kWh] transformer [KWh] [KWh] Ratio [%] case]
Base
Case 749.43 244.53 511.35 6.45 0.85% +0.00%
3-Phase 756.92 244.49 519.02 6.59 0.86% +2.18%
1-Phase 761.75 244.48 523.93 6.66 0.87% +3.33%
Table 4.1. PV10% scenario — energy analysis
4.1.2. PV30% — 105 kW — phases a and b

Out of the three phase-neutral voltages at thetwois (bus 6) from base case to the 3-phase
case only the voltage at phase a gets closer t0.,15ince the tap control is based on phase a
measurement. Its peak decreases from 1.08 to 1u04wdhile the one at phase ¢ decreases
below the limit of 0.90 p.u.. Phase-neutral volsgad tap positions are depicted in Figure
4.13 and in Figure 4.14.

Phase-Neutral Voltage at bus 6: base case / 3-phase- PV30% - ab

112 -

I e e e R

e __ 1 ___ L]

1.04r -4t Y T 1=

0.96

Phase-n Voltage [pu]

~- -~ -Base Case - a
----BaseCase-b [j
- -~ -BaseCase-c
— 3-Phase Case -

0.92

|
0.83 | | | | : | i
‘ ‘ ‘ ‘ ‘ ‘ ‘ — 3-Phase Case -
I I I I I | | ——— 3-Phase Case -
084 1 1 1 1 1 1 1 I I
0 2 4 6 8 10 12 14 16 18 20 22 24
Time [h]

Figure 4.13. Phase-Neutral Voltage at bus 6 — 3d&fiBase Case comparison in the scenario with 106f®¥ connected to
phase aand b
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PV30% — 105 kW — phases a and b

Tap Position: base case / 3-phase case - PV30% - ab
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Figure 4.14. Tap Position — 3-Phase/Base Case casgain the scenario with 105 kW of PV connectephase a and b

On the other hand in the 1-phase case the tapotastsased on all the three phases values,

voltages at phases a and b

so that all the three phase-neutral voltages a®eclto 1 p.u..:

decrease, while the one at phase c gets higheseRteautral voltages and tap positions are

depicted respectively in Figure 4.15 and Figuré4.1
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Figure 4.15. Phase-Neutral Voltage at bus 6 — 1d@fiBase Case comparison in the scenario with 106fWW connected to

phase a and b
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PV30% — 105 kW — phases a and b

Tap Position: base case / 1-phase case - PV30% - ab
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Figure 4.16. Tap Position — 1-Phase/Base Case casgain the scenario with 105 kW of PV connecteplitase a and b
As it can be seen in Figure 4.17, the phase-growithges at the primary side of the
transformer do not change in the 3-phase case cempa the base case. On the other hand
(Figure 4.18), at the LV side they change becatiskeo3-phase tapping, staying within the
range -4%;/+1.5%.

Phase-Ground Voltage at transformer MV-side: base ¢ 3-phase case - PV30% - ab
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Figure 4.17. Phase-Ground Voltage at transformer-8ide — 3-Phase/Base Case comparison in the seenétti 105 kW of
PV connected to phase a and b
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PV30% — 105 kW — phases a and b

Phase-Ground Voltage at transformer LV-side: base ¢ 3-phase case - PV30% - ab
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Figure 4.18. Phase-Ground Voltage at transformerdide — 3-Phase/Base Case comparison in the saenétti 105 kW of
PV connected to phase a and b

The same situation is valid at the MV-side in thphhse case, as it can be seen in Figure
4.19. At the LV side they change independently bseaof the 1-phase tapping, staying
within the range -4%/+4% (Figure 4.20).

Phase-Ground Voltage at transformer MV-side: base ¢ 1-phase case - PV30% - ab
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Figure 4.19. Phase-Ground Voltage at transformer-8ide — 1-Phase/Base Case comparison in the seenéthi 105 kW of
PV connected to phase a and b
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PV30% — 105 kW — phases a and b

Phase-Ground Voltage at transformer LV-side: base ¢ 1-phase case - PV30% - ab
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Figure 4.20. Phase-Ground Voltage at transformerdide — 1-Phase/Base Case comparison in the saenétti 105 kW of

PV connected to phase a and b

As shown in Figure 4.21, the neutral-ground voltagéus 6 does not change after tapping,

S0 its peaks stay below 4%.

Neutral-Ground Voltage at bus 6 - PV30% - ab
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Figure 4.21. Neutral-Ground Voltage at bus 6 — 3aB¢/1-Phase/Base Case comparison in the scenathal@b kW of PV

connected to phase a and b
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PV30% — 105 kW — phases a and b

The VUF at bus 6 (Figure 4.22) does not increagbern3-phase case, while it grows in the

1-phase case: peaks grows from 1.4 % till 1.9%.

VUF at bus 6 - PV30%
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Figure 4.22. VUF at bus 6 — 3-Phase/1-Phase/Bas®e@amparison in the scenario with 105 kW of P\heoted to phase a

and b

As it can be seen in Figure 4.23 and Figure 422 tdtal power losses of lines and the total

power loss ratio as well do not present a so relewarease after tapping in both the cases.

Total Power Losses - PV30% - ab
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Figure 4.23. Total Power Losses — 3-Phase/1-Phass/Ease comparison in the scenario with 105 kPVofonnected to

phase a and b
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PV30% — 105 kW — phases a and b

Total Power Loss Ratio - PV30% - ab
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Figure 4.24. Total Power Loss Ratio — 3-Phase/1deifaase Case comparison in the scenario with 105fd®¥/ connected to
phase a and b

In Table 4.2 the total energy amounts absorbeddagd, injected by PVs and the amount
through the transformer are reported together thi¢ghabsolute energy loss, the energy loss

ratio and the energy deviations from the base case.

Total Energy Total Energy Energy through | Energy Energy
absorbed by injected by PV the transformer Loss Loss Energy Loss Deviation [%,
Case loads [KWh] [kWh] [KWh] [kWh] Ratio [%] compared to base case]
Base
Case 756.30 731.21 39.74 14.65 1.90% +0.00%
3-Phase 753.48 730.71 37.82 15.0% 1.96% +2.73%
1-Phase 763.29 730.60 47.93 15.24 1.96% +4.01%

Table 4.2. PV30% ab scenario — energy analysis
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PV40% — 140 kW — phases a and b

4.1.3. PV40% — 140 kW — phases a and b

Out of the three phase-neutral voltages at thetvwois (bus 6) from base case to the 3-phase
case only the voltage at phase a gets closer t0.15ince the tap control is based on phase a
measurement. Its peak decreases from 1.10 to 1u05while the one at phase ¢ decreases
below the limit of 0.84 p.u.. Phase-neutral volgagend tap positions are depicted

respectively in Figure 4.25 and in Figure 4.26.
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Figure 4.25. Phase-Neutral Voltage at bus 6 — 3d&fiBase Case comparison in the scenario with 140fd®¥ connected to
phase a and b
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Figure 4.26. Tap Position — 3-Phase/Base Case casgain the scenario with 140 kW of PV connectephase a and b
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PV40% — 140 kW — phases a and b

On the other hand in the 1-phase case the tapotastsased on all the three phases values,
so that all the three phase-neutral voltages a®eclto 1 p.u..: voltages at phases a and b
decrease, while the one at phase c gets higheseRteautral voltages and tap positions are
depicted respectively in Figure 4.27 and in Figh&s8.

Phase-Neutral Voltage at bus 6: base case / 1-phase- PV40% - ab

1.16 { ‘ ‘
|

T
|
|
|

1.12

1.08

1.04

=

0.96)

Phase-n Voltage [pu]

0.92

0.88 : : : : ! : : : — 1-Phase Case -t
| | | I I | | | = 1-Phase Case -
084 1 1 1 1 1 1 1 | I I
0 2 4 6 8 10 12 14 16 18 20 22 24

Time [h]

Figure 4.27. Phase-Neutral Voltage at bus 6 — 1defiBase Case comparison in the scenario with 140fd®¥ connected to
phase a and b
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Figure 4.28. Tap Position — 1-Phase/Base Case casyain the scenario with 140 kW of PV connectephase a and b
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PV40% — 140 kW — phases a and b

As it can be seen in Figure 4.29, the phase-growithges at the primary side of the
transformer do not change in the 3-phase case cemhpa the base case. On the other hand

(Figure 4.30), at the LV side they change becafi$keo3-phase tapping, staying within the

range -5%/+2%.
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Figure 4.29. Phase-Ground Voltage at transformer-8ide — 3-Phase/Base Case comparison in the seenéthi 140 kW of
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Figure 4.30. Phase-Ground Voltage at transformerdide — 3-Phase/Base Case comparison in the seenéth 140 kW of
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PV40% — 140 kW — phases a and b

The same situation is valid at the MV-side in thghhse case, as it can be seen in Figure

4.31. At the LV side they change independently bseaf the 1-phase tapping, staying
within the range -5%/+5% (Figure 4.32).
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Figure 4.31. Phase-Ground Voltage at transformer-8ide — 1-Phase/Base Case comparison in the seenéthi 140 kW of
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Figure 4.32. Phase-Ground Voltage at transformerdide — 1-Phase/Base Case comparison in the seenéth 140 kW of

PV connected to phase a and b
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PV40% — 140 kW — phases a and b

As shown in Figure 4.33, the neutral-ground voltageus 6 does not change after tapping,

So its peaks stay below 5.5%.
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Figure 4.33. Neutral-Ground Voltage at bus 6 — :B#/1-Phase/Base Case comparison in the scenahaldd kW of PV

connected to phase a and b

The VUF at bus 6 (Figure 4.34) does not increagbern3-phase case, while it grows in the

1-phase case: peaks grows from 1.7 % till 2.5%.

VUF at bus 6 - PV40% - ab

—— Base Case
— 3-Phase Case

— 1-Phase Case

[9%] 4nA

Time [h]

Figure 4.34. VUF at bus 6 — 3-Phase/1-Phase/Bas®e€amparison in the scenario with 140 kW of P\heoted to phase a

and b
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PV40% — 140 kW — phases a and b

As it can be seen in Figure 4.35 and Figure 4l86tdtal power losses of lines and the total

power loss ratio as well do not present a so relev@rease after tapping in both the cases.

Total Power Losses - PV40% - ab
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Figure 4.35. Total Power Losses — 3-Phase/1-Phass/Ease comparison in the scenario with 140 kPVofonnected to

phase a and b
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Figure 4.36. Total Power Loss Ratio — 3-Phase/1deifaase Case comparison in the scenario with 140fd®Y/ connected to

phase a and b
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PV50% — 175 kW — phases a and b

In Table 4.3 the total energy amounts absorbeddagd, injected by PVs and the amount
through the transformer are reported together thi¢ghabsolute energy loss, the energy loss

ratio and the energy deviations from the base case.

Total Energy Total Energy Energy through | Energy Energy
absorbed by injected by PV the transformer Loss Loss Energy Loss Deviation [%,
Case loads [KWh] [KWh] [KWh] [KWh] Ratio [%] compared to base case]
Base
Case 760.44 971.93 -186.77 24.77 2.54% +0.00%
3-Phase 749.57 971.02 -195.24 26.21 2.70p +6.01%
1-Phase 763.71 970.58 -180.62 26.25 2.70p +6.18%
Table 4.3. PV40% ab scenario — energy analysis
4.1.4. PV50% — 175 kW — phases a and b

Out of the three phase-neutral voltages at thetvwois (bus 6) from base case to the 3-phase
case only the voltage at phase a gets closer t0.15ince the tap control is based on phase a
measurement. Its peak decreases from 1.13 to 1u08while the one at phase ¢ decreases
below the Ilimit: till 0.82 p.u.. Phase-neutral agles and tap positions are depicted
respectively in Figure 4.37 and in Figure 4.38.

Phase-Neutral Voltage at bus 6: base case / 3-phase- PV50% - ab
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Figure 4.37. Phase-Neutral Voltage at bus 6 — 3deiBase Case comparison in the scenario with 175fd®¥ connected to
phase a and b
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PV50% — 175 kW — phases a and b

Tap Position: base case / 3-phase case - PV50% - ab

uonisod dej

24
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Time [h]

Figure 4.38. Tap Position — 3-Phase/Base Case casgain the scenario with 175 kW of PV connectephase a and b

On the other hand in the 1-phase case the tapotastsased on all the three phases values,

voltages at phases a and b

so that all the three phase-neutral voltages ageclto 1 p.u..:

decrease, while the one at phase c gets higheseRteautral voltages and tap positions are

depicted respectively in Figure 4.39 and in Figh#oO.
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Phase-Neutral Voltage at bus 6: base case / 1-phase- PV50% - ab

[nd] abeyon u-aseyd
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Figure 4.39. Phase-Neutral Voltage at bus 6 — 1d@ifiBase Case comparison in the scenario with 175&WW connected to

phase aand b
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PV50% — 175 kW — phases a and b

Tap Position: base case / 1-phase case - PV50% - ab

Tap Position
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I I
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Figure 4.40. Tap Position — 1-Phase/Base Case casgain the scenario with 175 kW of PV connectephase a and b

As it can be seen in Figure 4.41, the phase-grootidges at the primary side of the
transformer do not change in the 3-phase case cechpathe base case. On the other hand
(Figure 4.42), at the LV side they change becatifieed3-phase tapping, staying within the
range -5%/+2%.
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Figure 4.41. Phase-Ground Voltage at transformer-8ide — 3-Phase/Base Case comparison in the seenéthi 175 kW of
PV connected to phase a and b
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PV50% — 175 kW — phases a and b
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Figure 4.42. Phase-Ground Voltage at transformerdide — 3-Phase/Base Case comparison in the seenéth 175 kW of

PV connected to phase a and b

The same situation is valid at the MV-side in thghhse case, as can be seen in Figure 4.43.

At the LV side they change independently becauskeoil-phase tapping, staying within the
range -5%/+5% (Figure 4.44).
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Figure 4.43. Phase-Ground Voltage at transformer-8ide — 1-Phase/Base Case comparison in the seenéthi 175 kW of

PV connected to phase a and b
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Phase-Ground Voltage at transformer LV-side: base ¢ 1-phase case - PV50% - ab

PV50% — 175 kW — phases a and b

24
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PV connected to phase a and b
Neutral-Ground Voltage at bus 6 - PV50% - ab

[nd] abejjon B-aseyd [nd] abejjoA punoi9-jennaN

Figure 4.44. Phase-Ground Voltage at transformerdide — 1-Phase/Base Case comparison in the seenéth 175 kW of
As shown in Figure 4.45, the neutral-ground voltageus 6 does not change after tapping,

So its peaks stay below 7%.

Time [h]
Figure 4.45. Neutral-Ground Voltage at bus 6 — :B#/1-Phase/Base Case comparison in the scenahal&b kW of PV
connected to phase a and b
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PV50% — 175 kW — phases a and b

The VUF at bus 6 (Figure 4.46) does not increagbern3-phase case, while it grows in the

1-phase case: peaks grows from 2.1 % till 2.9%.

VUF at bus 6 - PV50% - ab

— 3-Phase Case
— 1-Phase Case

— Base Case

[96] 4NA

Time [h]

Figure 4.46. VUF at bus 6 — 3-Phase/1-Phase/Bas®e@amparison in the scenario with 175 kW of P\heoted to phase a

and b

As it can be seen in Figure 4.47 and Figure 4H8tdtal power losses of lines and the total

power loss ratio as well do not present a so relewarease after tapping in both the cases.

Total Power Losses - PV50% - ab
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Figure 4.47. Total Power Losses — 3-Phase/1-Phas®/Base comparison in the scenario with 175 kRMo€onnected to

phase a and b
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PV50% — 175 kW — phases a and b

Total Power Loss Ratio - PV50% - ab
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Figure 4.48. Total Power Loss Ratio — 3-Phase/1deifaase Case comparison in the scenario with 175fd®¥ connected to
phase aand b

In Table 4.4 the total energy amounts absorbeddagd, injected by PVs and the amount
through the transformer are reported together thi¢ghabsolute energy loss, the energy loss
ratio and the energy deviations from the base case.

Total Energy Total Energy Energy Energy Energy Energy Loss Deviation
absorbed by loads| injected by PV | through the Loss Loss Ratio | [%, compared to base
Case [KWh] [kWh] trafo [KWh] [KWh] [%0] case]
Base
Case 767.25 1209.34 -401.80 40.30 3.33% +0.00%
3-Phase 744.07 1207.03 -418.98 43.98 3.64% +9.13%
1-Phase 765.04 1207.02 -398.23 43.7p 3.62% +8.56%

Table 4.4. PV50% ab scenario — energy analysis
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PV40% — 140 kW — phases a, b and ¢

4.1.5. PV40% — 140 kW — phases a, b and c

Out of the three phase-neutral voltages at thetwois (bus 6) from base case to the 3-phase
case only the voltage at phase a gets closer t0.,15ince the tap control is based on phase a
measurement. Its peak decreases from 1.06 to 1u03while the one at phase ¢ decreases
till 0.93 p.u.. Phase-neutral voltages and taptjpos are depicted respectively in Figure
4.49 and in Figure 4.50.

Phase-Neutral Voltage at bus 6: base case / 3-plaase- PV40% - abc
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Figure 4.49. Phase-Neutral Voltage at bus 6 — 3d&iBase Case comparison in the scenario with 140fd®¥ connected to
phase a, b and c
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Figure 4.50. Tap Position — 3-Phase/Base Case casgain the scenario with 140 kW of PV connectephase a, b and c
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PV40% — 140 kW — phases a, b and ¢

On the other hand in the 1-phase case the tapotastsased on all the three phases values,
so that all the three phase-neutral voltages argeclto 1 p.u.: voltages at phases a and b
decrease, while the one at phase c gets highk©0.98. Phase-neutral voltages and tap
positions are depicted respectively in Figure 48d in Figure 4.52.
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Figure 4.51. Phase-Neutral Voltage at bus 6 — 1deffBase Case comparison in the scenario with 140fd®¥ connected to
phase a, b and c
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Figure 4.52. Tap Position — 1-Phase/Base Case casgain the scenario with 140 kW of PV connectephase a, b and ¢

110



PV40% — 140 kW — phases a, b and ¢

As always the phase-ground voltages at the prirsiaey of the transformer do not change in
the 3-phase case compared to the base case (Bi§B)e On the other hand (Figure 4.54), at
the LV side they change because of the 3-phasen@miaying within the range -4%/+2%.

Phase-Ground Voltage at transformer MV-side: base ¢ 3-phase case - PV40% - abc
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Figure 4.53. Phase-Ground Voltage at transformer-8ide — 3-Phase/Base Case comparison in the seenéthi 140 kW of
PV connected to phase a, b and ¢
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Figure 4.54. Phase-Ground Voltage at transformerdide — 3-Phase/Base Case comparison in the seenéth 140 kW of
PV connected to phase a, b and ¢
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PV40% — 140 kW — phases a, b and ¢

As always, the same situation is valid at the Mdfesn the 1-phase case, as it can be seen in
Figure 4.55. At the LV side they change indeperigidi@cause of the 1-phase tapping,
staying within the range -4%/+2% (Figure 4.56).
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Figure 4.55. Phase-Ground Voltage at transformer-8ide — 1-Phase/Base Case comparison in the seenéthi 140 kW of
PV connected to phase a, b and ¢
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Figure 4.56. Phase-Ground Voltage at transformerdide — 1-Phase/Base Case comparison in the seenéth 140 kW of
PV connected to phase a, b and ¢
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PV40% — 140 kW — phases a, b and ¢

As shown in Figure 4.57, the neutral-ground voltageus 6 does not change after tapping,

So its peaks stay below 2.5%.

Neutral-Ground Voltage at bus 6 - PV40% - abc
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[nd] abeyjon punoio-fennan
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Figure 4.57. Neutral-Ground Voltage at bus 6 — aB#/1-Phase/Base Case comparison in the scenahaldd kW of PV

connected to phase a, b and c

The VUF at bus 6 (Figure 4.58) does not increasiéntwo tapping cases: its peaks stay

below 1.25%.
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Figure 4.58. VUF at bus 6 — 3-Phase/1-Phase/Bas®eC€amparison in the scenario with 140 kW of P\heoted to phase a,

bandc
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PV40% — 140 kW — phases a, b and ¢

As it can be seen in Figure 4.59 and Figure 4t&®tdtal power losses of lines and the total

power loss ratio as well do not present a so relev@rease after tapping in both the cases.
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Figure 4.59. Total Power Losses — 3-Phase/1-Phass/Ease comparison in the scenario with 140 kPVofonnected to

phase a, b and c
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Figure 4.60. Total Power Loss Ratio — 3-Phase/1deifaase Case comparison in the scenario with 140#W¥ connected to

phase a, b and c
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PV50% — 175 kW — phases a, b and ¢

In Table 4.5 the total energy amounts absorbeddagd, injected by PVs and the amount

through the transformer are reported together thi¢ghabsolute energy loss, the energy loss

ratio and the energy deviations from the base case.

Total Energy | Total Energy Energy Energy Energy Energy Loss Deviation
absorbed by injected by | through the Loss Loss [%, compared to base case]
Case | loads [kWh] PV [KWh] trafo [KWh] [kWh] Ratio [%)]
Base
Case 759.78 981.99 -210.60 11.61 1.18% +0.00%
3-Phase| 760.07 981.97 -209.68 12.22 1.24M% +5.29%
1-Phase 764.90 981.84 -204.78 12.16 1.24M% +4.77%
Table 4.5. PV40% abc scenario — energy analysis
4.1.6. PV50% — 175 kW — phases a, b and c

Out of the three phase-neutral voltages at thetvwois (bus 6) from base case to the 3-phase

case only the voltage at phase a gets closer t0.,15ince the tap control is based on phase a

measurement. Its peak decreases from 1.11 to 1uw06while the one at phase ¢ decreases

till 0.895 p.u.. Phase-neutral voltages and taptipos are depicted respectively in Figure
4.61 and in Figure 4.62.
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Figure 4.61. Phase-Neutral Voltage at bus 6 — 3d&iBase Case comparison in the scenario with 175f®¥ connected to
phase a, b and c
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PV50% — 175 kW — phases a, b and ¢
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Figure 4.62. Tap Position — 3-Phase/Base Case casgain the scenario with 175 kW of PV connectephase a, b and c

On the other hand in the 1-phase case the tapotastsased on all the three phases values,

so that all the three phase-neutral voltages argeclto 1 p.u.: voltages at phases a and b

decrease, while the one at phase c gets highk©0.9¥. Phase-neutral voltages and tap

positions are depicted respectively in Figure 468 in Figure 4.64.
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Figure 4.63. Phase-Neutral Voltage at bus 6 — 1d@fiBase Case comparison in the scenario with 175&WW connected to

phase a, b and c
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PV50% — 175 kW — phases a, b and ¢

Tap Position: base case / 1-phase case - PV50&06 - ab
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Figure 4.64. Tap Position — 1-Phase/Base Case casgain the scenario with 175 kW of PV connectephase a, b and ¢

As always, the phase-ground voltages at the MV gidbe transformer do not change in the
3-phase case compared to the base case (Figuje @r6ghe other hand (Figure 4.66), at the
LV side they change because of the 3-phase tapgtisnging within the range -5%/+2%.

Phase-Ground Voltage at transformer MV-side: base ¢ 3-phase case - PV50% - abc

1.005 { \ \ \ \ \ { { { { {
|
|
1.004
— 1.003
>
="
g 1.002
8
©°
> 1.001
@
(]
g 1
K
o
— -~ -Base Case - a
0.999 - - - -BaseCase-b A
- -~ -BaseCase-c
3-Phase Case - g
0.998 ! ! ! ! ! ! | —— 3-Phase Case - |
: : : : : : : — 3-Phase Case -
0997 | | | | | | L I I
0 2 4 6 8 10 12 14 16 18 20 22 24

Time [h]

Figure 4.65. Phase-Ground Voltage at transformer-8ide — 3-Phase/Base Case comparison in the seenéthi 175 kW of
PV connected to phase a, b and ¢
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PV50% — 175 kW — phases a, b and ¢

Phase-Ground Voltage at transformer LV-side: base ¢ 3-phase case - PV50% - abc
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Figure 4.66. Phase-Ground Voltage at transformerdide — 3-Phase/Base Case comparison in the seenéth 175 kW of
PV connected to phase a, b and ¢

As always, the same situation is valid at the Midfesn the 1-phase case, as it can be seen in
Figure 4.67. At the LV side they change indeperigidi@gcause of the 1-phase tapping,
staying within the range -5%/+2.5% (Figure 4.68).
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Figure 4.67. Phase-Ground Voltage at transformer-8ide — 1-Phase/Base Case comparison in the seenéthi 175 kW of
PV connected to phase a, b and ¢
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PV50% — 175 kW — phases a, b and ¢

Phase-Ground Voltage at transformer LV-side: base ¢ 1-phase case - PV50% - abc
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Figure 4.68. Phase-Ground Voltage at transformerdide — 1-Phase/Base Case comparison in the seenéth 175 kW of

PV connected to phase a, b and ¢

As shown in Figure 4.69, the neutral-ground voltageus 6 does not change after tapping,

So its peaks stay below 4%.

Neutral-Ground Voltage at bus 6 - PV50% - abc
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— 3-Phase Casg
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Figure 4.69. Neutral-Ground Voltage at bus 6 — B#/1-Phase/Base Case comparison in the scenahal&b kW of PV

connected to phase a, b and c
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PV50% — 175 kW — phases a, b and ¢
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Figure 4.71. Total Power Losses — 3-Phase/1-Phasg/Ease comparison in the scenario with 175 kPMofonnected to
phase a, b and c
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PV50% — 175 kW — phases a, b and ¢

Total Power Loss Ratio - PV50% - abc
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Figure 4.72. Total Power Loss Ratio — 3-Phase/1deifaase Case comparison in the scenario with 175fd®¥ connected to
phase a, b and c

In Table 4.6 the total energy amounts absorbedhgd, injected by PVs and the amount
through the transformer are reported together thighabsolute energy loss, the energy loss

ratio and the energy deviations from the base case.

Total Energy Total Energy Energy Energy
absorbed by injected by PV Energy through Loss Loss Energy Loss Deviation [%,
Case loads [KWh] [kWh] the trafo [KWh] [kWh] Ratio [%] compared to base case]
Base
Case 766.62 1224.70 -436.63 21.44 1.75% +0.00%
3-Phase 752.51 1224.48 -448.38 23.59 1.93%% +9.98%
1-Phase 765.86 1224.08 -434.89 23.38 1.91% +8.76%

Table 4.6. PV50% abc scenario — energy analysis
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PV60% — 210 kW — phases a, b and ¢

4.1.7. PV60% — 210 kW — phases a, b and c

Out of the three phase-neutral voltages at thetvwois (bus 6) from base case to the 3-phase
case only the voltage at phase a gets closer t0.15ince the tap control is based on phase a
measurement. Its peak decreases from 1.11 to 1uw06while the one at phase ¢ decreases
till 0.89 p.u.. Phase-neutral voltages and taptjpos are depicted respectively in Figure
4.73 and in Figure 4.74.

Phase-Neutral Voltage at bus 6: base case / 3-phagse PV60% - abc

116 T T T T T T T T T T T
| | | | | | | | | | |
| | | | | | | | | | |
| | | | | | | | | | |
1.12 -
|
|
|
— 1.08 r
= N
K= |
S 1041 AN N e
o
> 1
<
[0} - A 1N v Al
8 0.96 JRNA SN I SRy T M SR I VAR
c Y
[\
- - - -Base Case - a
0.92 ----BaseCase-b [
- - --BaseCase-c
——— 3-Phase Case -|g
0.88 — 3-Phase Case - |k
— 3-Phase Case -
0.84 ‘ ‘

8 20 22 24

Time [h]

Figure 4.73. Phase-Neutral Voltage at bus 6 — 3d&fiBase Case comparison in the scenario with 210fd®¥ connected to
phase a, b and c
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Figure 4.74. Tap Position — 3-Phase/Base Case casgain the scenario with 210 kW of PV connectephase a, b and c
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PV60% — 210 kW — phases a, b and ¢

On the other hand in the 1-phase case the tapotastsased on all the three phases values,
so that all the three phase-neutral voltages argeclto 1 p.u.: voltages at phases a and b
decrease, while the one at phase c gets highk©0.9¥. Phase-neutral voltages and tap

positions are depicted respectively in Figure 48 in Figure 4.76.
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Figure 4.75. Phase-Neutral Voltage at bus 6 — 1defiBase Case comparison in the scenario with 210fd®¥ connected to
phase a, b and c
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Figure 4.76. Tap Position — 1-Phase/Base Case casgain the scenario with 210 kW of PV connectephase a, b and ¢
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PV60% — 210 kW — phases a, b and ¢

As always, the phase-ground voltages at the MV sidke transformer do not change in the
3-phase case compared to the base case (Figuje @rvihe other hand (Figure 4.78), at the
LV side they change because of the 3-phase tapgt@gng within the range -5%/+2%.
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Figure 4.77. Phase-Ground Voltage at transformer-8ide — 3-Phase/Base Case comparison in the seenétti 210 kW of
PV connected to phase a, b and ¢
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Figure 4.78. Phase-Ground Voltage at transformerdide — 3-Phase/Base Case comparison in the seenéth 210 kW of
PV connected to phase a, b and ¢
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PV60% — 210 kW — phases a, b and ¢

As always, the same situation is valid at the M§¥esn the 1-phase case, as it can be seen in
Figure 4.79. At the LV side they change indeperiglepécause of the 1-phase tapping,
staying within the range -5%/+2.8% (Figure 4.80).
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Figure 4.79. Phase-Ground Voltage at transformer-8ide — 1-Phase/Base Case comparison in the seenétti 210 kW of
PV connected to phase a, b and ¢
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Figure 4.80. Phase-Ground Voltage at transformerdide — 1-Phase/Base Case comparison in the seenéth 210 kW of
PV connected to phase a, b and ¢
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PV60% — 210 kW — phases a, b and ¢

As shown in Figure 4.81, the neutral-ground voltageus 6 does not change after tapping,

So its peaks stay below 2.5%.

Neutral-Ground Voltage at bus 6 - PV60% - abc

ase Casg

—— 1-Ph

[nd] abejjoA punoi9-jennaN

Time [h]

Figure 4.81. Neutral-Ground Voltage at bus 6 — :B#/1-Phase/Base Case comparison in the scenahd2d® kW of PV

connected to phase a, b and c

The VUF at bus 6 (Figure 4.82) does not increagbern3-phase case, while it grows in the

1-phase case: peaks grows from 1.5 % till 1.8%.
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Figure 4.82. VUF at bus 6 — 3-Phase/1-Phase/Bas®eC€amparison in the scenario with 210 kW of P\heoted to phase a,

bandc
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PV60% — 210 kW — phases a, b and ¢

As it can be seen in Figure 4.83 and Figure 48 tdtal power losses of lines and the total

power loss ratio as well do present a certain aseefter tapping in both the cases.
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Figure 4.83. Total Power Losses — 3-Phase/1-Phasg/Base comparison in the scenario with 210 kRMo€onnected to

phase a, b and c
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Figure 4.84. Total Power Loss Ratio — 3-Phase/1deifaase Case comparison in the scenario with 210#W¥ connected to

phase a, b and c
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PV70% — 245 kW — phases a, b and ¢

In Table 4.7 the total energy amounts absorbeddaygd, injected by PVs and the amount
through the transformer are reported together thi¢ghabsolute energy loss, the energy loss

ratio and the energy deviations from the base case.

Total Energy Total Energy Energy | Energy | Energy Loss Deviation
absorbed by loads injected by PV Energy through | Loss Loss [%, compared to base
Case [KWh] [kWh] the trafo [kWh] | [kKWh] | Ratio [%] case]
Base
Case 769.70 1468.77 -670.66 28.41 1.93% +0.00%
3-Phase 751.97 1468.50 -684.89 31.64 2.15pb +11.37%
1-Phase 767.24 1467.91 -669.63 31.04 2.11p +9.26%
Table 4.7. PV60% abc scenario — energy analysis
4.1.8. PV70% — 245 kW — phases a, b and c

Out of the three phase-neutral voltages at thetvwois (bus 6) from base case to the 3-phase
case only the voltage at phase a gets closer t0.15ince the tap control is based on phase a
measurement. Its peak decreases from 1.13 to p.088while the one at phase ¢ decreases
till 0.899 p.u.. Phase-neutral voltages and taptipos are depicted respectively in Figure
4.85 and in Figure 4.86.
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Figure 4.85. Phase-Neutral Voltage at bus 6 — 3d&fiBase Case comparison in the scenario with 245fd®¥ connected to
phase a, b and c
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PV70% — 245 kW — phases a, b and ¢

Tap Position: base case / 3-phase case - PV70® - ab
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Figure 4.86. Tap Position — 3-Phase/Base Case casgain the scenario with 245 kW of PV connectephase a, b and c

On the other hand in the 1-phase case the tapotastsased on all the three phases values,

so that all the three phase-neutral voltages argeclto 1 p.u.: voltages at phases a and b

decrease, while the one at phase c gets highewdhith the limit: till 0.98. Phase-neutral

voltages and tap positions are depicted respegtindtigure 4.87 and in Figure 4.88.
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Figure 4.87. Phase-Neutral Voltage at bus 6 — 1d&fiBase Case comparison in the scenario with 245fd®¥ connected to

phase a, b and c
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PV70% — 245 kW — phases a, b and ¢
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Figure 4.88. Tap Position — 1-Phase/Base Case casgain the scenario with 245 kW of PV connectephase a, b and ¢

As always, the phase-ground voltages at the MV gidbe transformer do not change in the
3-phase case compared to the base case (Figuje @r8the other hand (Figure 4.90), at the
LV side they change because of the 3-phase tapgtisnging within the range -5%/+2%.
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Figure 4.89. Phase-Ground Voltage at transformer-8ide — 3-Phase/Base Case comparison in the seenéthi 245 kW of
PV connected to phase a, b and ¢
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PV70% — 245 kW — phases a, b and ¢

Phase-Ground Voltage at transformer LV-side: base ¢ 3-phase case - PV70% - abc
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Figure 4.90. Phase-Ground Voltage at transformerdide — 3-Phase/Base Case comparison in the seenéth 245 kW of

PV connected to phase a, b and ¢

As always, the same situation is valid at the M§¥esn the 1-phase case, as it can be seen in
Figure 4.91. At the LV side they change indeperiglepécause of the 1-phase tapping,
staying within the range -5%/+2% (Figure 4.92).
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Figure 4.91. Phase-Ground Voltage at transformer-8ide — 1-Phase/Base Case comparison in the seenéthi 245 kW of
PV connected to phase a, b and ¢
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Phase-Ground Voltage at transformer LV-side: base ¢ 1-phase case - PV70% - abc

PV70% — 245 kW — phases a, b and ¢
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Figure 4.92. Phase-Ground Voltage at transformerdide — 1-Phase/Base Case comparison in the seenéth 245 kW of
As shown in Figure 4.93, the neutral-ground voltageus 6 does not change after tapping,

So its peaks stay below 4.5%.

Time [h]

Figure 4.93. Neutral-Ground Voltage at bus 6 — :B#/1-Phase/Base Case comparison in the scenahddb kW of PV
connected to phase a, b and c
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PV70% — 245 kW — phases a, b and ¢
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The VUF at bus 6 (Figure 4.94) does not increagbern3-phase case, while it grows in the

1-phase case: peaks grows from 1.7 % till 2.05%.
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Figure 4.94. VUF at bus 6 — 3-Phase/1-Phase/Bas®e€amparison in the scenario with 245 kW of P\heoted to phase a,

bandc

As it can be seen in Figure 4.95 and Figure 4186tdtal power losses of lines and the total

power loss ratio as well do present a certain asgeafter tapping in both the cases.

Total Power Losses - PV70% - abc

— 3-Phase Case
— 1-Phase Case

— Base Case

[m] sesso 1amod

Time [h]

Figure 4.95. Total Power Losses — 3-Phase/1-Phase/Base comparison in the scenario with 245 kRMo€onnected to

phase a, b and c
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Figure 4.96. Total Power Loss Ratio — 3-Phase/1deifaase Case comparison in the scenario with 245fd®¥/ connected to
phase a, b and c

In Table 4.8 the total energy amounts absorbeddagd, injected by PVs and the amount
through the transformer are reported together thighabsolute energy loss, the energy loss

ratio and the energy deviations from the base case.

Total Energy Total Energy Energy Energy Energy Energy Loss Deviation
absorbed by loads| injected by PV | through the Loss Loss Ratio | [%, compared to base
Case [kWh] [kWh] trafo [KWh] [kKWh] [%] case]
Base
Case 774.76 1714.48 -901.62 38.1 2.22% +0.00%
3-Phase 751.56 1714.29 -919.65 43.0B 2.51% +13.07%
1-Phase 769.12 1713.54 -902.70 41.7p 2.43% +9.50%

Table 4.8. PV70% abc scenario — energy analysis
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4.1.9. PV80% — 280 kW — phases a, b and c

Out of the three phase-neutral voltages at thetwois (bus 6) from base case to the 3-phase
case only the voltage at phase a gets closer t0.,15ince the tap control is based on phase a
measurement. Its peak decreases from 1.16 to lul2while the one at phase ¢ decreases
till 0.89 p.u.. Phase-neutral voltages and taptjpos are depicted respectively in Figure
4.97 and in Figure 4.98.

Phase-Neutral Voltage at bus 6: base case / 3-plhagse- PV80% - abc
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Figure 4.97. Phase-Neutral Voltage at bus 6 — 3d&iBase Case comparison in the scenario with 280fd®¥ connected to
phase a, b and c
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Figure 4.98. Tap Position — 3-Phase/Base Case casgain the scenario with 280 kW of PV connectephase a, b and c
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On the other hand in the 1-phase case the tapotastsased on all the three phases values,
so that all the three phase-neutral voltages argeclto 1 p.u.: voltages at phases a and b
decrease, while the one at phase c gets highewdhith the limit: till 0.97. Phase-neutral
voltages and tap positions are depicted respegtindtigure 4.99 and in Figure 4.100.
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Figure 4.99. Phase-Neutral Voltage at bus 6 — 1defiBase Case comparison in the scenario with 280fd®¥ connected to
phase a, b and c
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Figure 4.100. Tap Position — 1-Phase/Base Case adsgn in the scenario with 280 kW of PV connetbephase a, b and ¢
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As always the phase-ground voltages at the MV gidhe transformer do not change in the
3-phase case compared to the base case (Figu®.4athe other hand (Figure 4.102), at
the LV side they change because of the 3-phasen@miaying within the range -5%/+2%.
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Figure 4.101. Phase-Ground Voltage at transformé&f-8de — 3-Phase/Base Case comparison in the sicewiéh 280 kW of
PV connected to phase a, b and ¢
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Figure 4.102. Phase-Ground Voltage at transformérdide — 3-Phase/Base Case comparison in the seewih 280 kW of
PV connected to phase a, b and ¢
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As always, the same situation is valid at the Mélesin the 1-phase case, as can be seen in
Figure 4.103. At the LV side they change indepetigdmecause of the 1-phase tapping,
staying within the range -5%/+3% (Figure 4.104).
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Figure 4.103. Phase-Ground Voltage at transformé&f-8lde — 1-Phase/Base Case comparison in the sicewiéh 280 kW of
PV connected to phase a, b and ¢
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Figure 4.104. Phase-Ground Voltage at transformérdide — 1-Phase/Base Case comparison in the seoewih 280 kW of
PV connected to phase a, b and ¢
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As shown in Figure 4.105, the neutral-ground vatagbus 6 does not change after tapping,

So its peaks stay below 6%.

Neutral-Ground Voltage at bus 6 - PV80% - abc

Base Case

[nd] abeyjon punoio-fennan

Time [h]

Figure 4.105. Neutral-Ground Voltage at bus 6 —I#&8e/1-Phase/Base Case comparison in the scendh®80 kW of PV

connected to phase a, b and c

The VUF at bus 6 (Figure 4.106) does not increashe 3-phase case, while it grows in the

1-phase case: peaks grows from 1.8 % till 2.05%.

VUF at bus 6 - PV80% - abc

— Base Case

— 3-Phase Case
— 1-Phase Casg

[96] 4NA

Time [h]

Figure 4.106. VUF at bus 6 — 3-Phase/1-Phase/BaseComparison in the scenario with 280 kW of Mheoted to phase a,

bandc
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PV80% — 280 kW — phases a, b and ¢

As it can be seen in Figure 4.107 and Figure 4.fl@8total power losses of lines and the

total power loss ratio as well do present a ceftairease after tapping in both the cases.

Total Power Losses - PV80% - abc
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Figure 4.107. Total Power Losses — 3-Phase/1-PBase Case comparison in the scenario with 280 kiAVofonnected to

phase a, b and c
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Figure 4.108. Total Power Loss Ratio — 3-Phase/adefBase Case comparison in the scenario with ¥8@kPV connected

to phase a, b and c
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In Table 4.9 the total energy amounts absorbead&gyd, injected by PVs and the transformer
and the corresponding absolute energy loss amenatgy loss ratio and energy deviations

from the base case re reported.

Total Energy Total Energy Energy Energy Energy Energy Loss Deviation
absorbed by loads| injected by PV | through the Loss Loss Ratio | [%, compared to base
Case [KWh] [kWh] trafo [KWh] [KWh] [%0] case]
Base
Case 781.33 1953.92 -1114.50 58.09 2.97% +0.00%
3-Phase 752.19 1953.00 -1135.35 65.46 3.35% +12.69%
1-Phase 774.00 1952.04 -1114.35 63.69 3.26%0 +9.64%

Table 4.9. PV80% abc scenario — energy analysis
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4.2. Without Q regulation cases: results comments and

analysis

Summarizing the simulation results reported tillmat has been possible to find out the
positive-negative effects of the tapping actionthmdifferent PV penetration level scenarios,
always referring to the same unbalanced passiwsIpeofiles and without considering any

reactive power control system by the PV plants.

After testing all the above mentioned scenarios résults highlighted a PV hosting capacity
of 105 kW (30% case) considering the very unbaldrsiteiation of PV power injection only

into phases a and b, i.e. 52.5 kW connected toephasnd the same amount to b.
10% Case

About the 10% case, which refers to the situatioB50kW of PV connected only to phase a,

it can be seen that even in the base case théi@itwauld be acceptable:
« phase-neutral voltages at the final bus withinrtimge -5%/+5%;
« phase-ground voltages at the transformer levelipedly at the nominal values;

* neutral-ground voltage peaks at the final bus atireal 2.3% of the phase-ground

nominal value (230 V);
e  VUF below 1.2%;
« amount of energy losses of about 6.45 kWh,;
e maximum power loss ratio of about 1.5%.

The situation is practically the same in the 3-ghease, in which the phase-neural voltages
at the final bus stay within the range -7%/+3%. T is practically not changing because

the voltage at phase a gets lower, as phases b. &filat has changed is the amount of the
total energy loss, which is now around 6.59 kW, around +2.18% compared to the base

case.

In the 1-phase case the situation about phaseahewtitages and VUF at the worst bus is

better, while the energy losses rises a bit:
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« phase-neutral voltages at the final bus withinrrge -2.5%/+2.5%;

« phase-ground voltages at the transformer levelinttie range -3%/+2.5%;

e neutral-ground voltage peaks at the final bus@trad 2% of the nominal value;
* VUF below 1.25%;

* amount of energy losses of about 6.66 kWh, i.eursdo+3.33% compared to the

base case;
« maximum power loss ratio of about 1.6%.

In Table 4.10 the total energy amounts absorbedobgs, injected by PVs and the
transformer and the corresponding absolute enesg/dmount, energy loss ratio and energy

deviations from the base case are reported.

Total Energy | Total Energy Energy Energy Energy Loss Deviation
absorbed by | injected by PV | Energy through the Loss Loss [%, compared to base
Case loads [KWh] [kWh] transformer [KWh] [kWh] Ratio [%] case]
Base Cassg 749.43 244.53 511.35 6.4% 0.85% +0.00%
3-Phase 756.92 244.49 519.02 6.59 0.86%0 +2.18%
1-Phase 761.75 244.48 523.93 6.64 0.87% +3.33%
Table 4.10. PV10% scenario — energy analysis
30% Case

About the 30% case, which refers to the situatibd@ kW of PV equally connected to
phases a and b, it can be noticed that in the 8ephase it is not possible to have phase-
neutral voltages at the final bus which are witthie acceptable range £10% of the nominal
value, because the voltage at phase c gets lowefl@3% limit, since the tapping is based on
voltage measurements at phase a, which is higher hp.u., causing down-shifting of the
three phases. For this reason it can be saidhisastenario with this PV penetration level
cannot be considered feasible in this case with tdgdping logic (which refers to just one
phase voltage measurement). So it can be deduatththmaximum PV hosting capacity of

the network with the 3-phase tapping logic is 102, the unbalanced connection of 35 kW
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to phase a, without power injection into phasesid @ in this particular unbalanced load

condition.

Different is the situation in the base case orhie 1-phase case: it is possible to obtain

acceptable voltages, VUF and losses.
Base Case results:
* phase-neutral voltages at the final bus withinrérge -8.5%/+7%);
* phase-ground voltages at the transformer levelipedly at the nominal values;
e neutral-ground voltage peaks at the final bus @iz 4% of the nominal value;
e  VUF below 1.4%;
* amount of energy losses of about 14.65 kWh;
e maximum power loss ratio of about 2.6%.
1-Phase Case results:
« phase-neutral voltages at the final bus withinrtimge -5%/+4%;
« phase-ground voltages at the transformer levelinitie range -4%/+4%;
e neutral-ground voltage peaks at the final bus bel&tof the nominal value;
* VUF below 1.9%;

e amount of energy losses of about 15.24 kWh, ieurad +4.01% compared to the

base case;

« maximum power loss ratio of about 2.7%.

In Table 4.11 the total energy amounts absorbedobgs, injected by PVs and the
transformer and the corresponding absolute enesg/dmount, energy loss ratio and energy

deviations from the base case re reported.
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Total Energy Total Energy Energy through | Energy Energy Energy Loss Deviation
absorbed by injected by PV the transformer Loss Loss [%, compared to base
Case loads [KWh] [KWh] [kWh] [KWh] Ratio [%] case]
Base Cassg 756.30 731.21 39.74 14.6p 1.90% +0.00%
3-Phase 753.48 730.71 37.82 15.0% 1.96% +2.73%
1-Phase 763.29 730.60 47.93 15.24 1.96% +4.01%

Table 4.11. PV30% ab scenario — energy analysis

40% and 50% Cases

About the 40% and 50% cases, which refer respégtieethe situation of 140 kW and 175

kW of PV equally connected to phases a and b,nitb@anoticed that both in the base case
and in the 3-phase case it is not possible to phase-neutral voltages at the final bus which
are within the acceptable range £10% of the nomiahle (as it was in the 30% scenario in
the 3-phase case). For this reason it can be lsaidt0% and 50% of PV penetration level

cases cannot be considered feasible without a phiasecontrol.

A phase-wise control can further improve the phamgtral voltage values at the final bus
with acceptable losses. This improvement has been ®© affect negatively the VUF value:

maximum values are around at 2.5% and 2.9% respécfor 40% and 50% cases.

This effect is due to the unbalanced productiothefPVs, which is very high because only
connections to phases a and b are performed; itiadd should be considered that the total
energy injected by the PV plants (respectively 8@ 1207 kWh) is very high compared to
the energy absorbed by the loads (around 760 kwh).

So, even if the phase-wise tapping control allohe three phase-neutral voltages to get
close to the nominal value, negative effects onuittigalance level are caused to the voltage
sequences. In fact, referring to the phase-neutttdges sequences, the VUF increase is due
to the reduction of the positive sequence magnjtutiéle the negative sequence magnitude
increases during the PV production period. Thislbaseen in the graphs in Figure 4.109 —
which refer to the 40% case — where the solid Inepsesent the base case, while the dashed

one the 1-phase case.
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Figure 4.109. Phase-neutral voltage sequences aisaét bus 6

According to the voltage sequences shown abovasitbeen decided to analyze the currents
flowing in the final part of line (i.eline 10-11): amplitudes, angles and sequences.

A comparison between the base case and the 1-phaséhas been performed (respectively
reported inFigure 4.11GndFigure 4.11}

As previously said, PV units have been modeled aastant power units while loads as
constant impedances. For this reason, since iRV¥hproduction period the injected power is
much higher than the loads absorption, the phaserduis inversely proportional to the
voltage; on the other hand when PVs are not progudcurrent and voltage are directly
proportional, because now the constant-impedanicavi@ is predominant.

Basically not any relevant difference can be naotibetween the two cases, because the
voltage variations in percentage (few percentagmtgo cause the discussed current
variations.

Anyway high values of both the inverse and the zegquences compared to the positive one

can be seen because the PV power injection haschesen to be extremely unbalanced.
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Figure 4.110. Phase current magnitude, angle anpisaces analysis at line 10-11 in the Base Case
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Figure 4.111. Phase current magnitude, angle anpisaces analysis at line 10-11 in the 1-Phase Case
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In Table 4.12 and Table 4.13 the total energy ansoahsorbed by loads, injected by PVs
and the transformer and the corresponding abseluegy loss amount, energy loss ratio
and energy deviations from the base case re repaterring respectively to the 40% ab and

the 50% ab scenario.

Total Energy Total Energy Energy through | Energy Energy | Energy Loss Deviation
absorbed by injected by PV the transformer Loss Loss [%, compared to base
Case loads [kWh] [kWh] [kWh] [kWh] Ratio [%] case]

Base Case 760.44 971.93 -186.77 24.72 2.54% +0.00%
3-Phase 749.57 971.02 -195.24 26.21 2.70p6 +6.01%
1-Phase 763.71 970.58 -180.62 26.25 2.70p6 +6.18%

Table 4.12. PV40% ab scenario — energy analysis
Total Energy Total Energy Energy Energy Energy Energy Loss Deviation
absorbed by loads| injected by PV | through the Loss Loss Ratio | [%, compared to base
Case [kWh] [kWh] trafo [KWh] [kWh] [%0] case]

Base Casd 767.25 1209.34 -401.80 40.30 3.33% +0.00%
3-Phase 744.07 1207.03 -418.98 43.9B 3.64% +9.13%
1-Phase 765.04 1207.02 -398.23 43.7p 3.62% +8.56%

Table 4.13. PV50% ab scenario — energy analysis

Summarizing, it can finally be deduced that the imaxn PV hosting capacity of the
network (considering the unbalanced connectionhi@sps a and b, without power injection
into phase c) in this determinate unbalanced laadlition, is the one corresponding to the

30% case, i.e. the situation of 105 kW of PV equatinnected to phases a and b.

Anyway it is highly possible that the PV hostingaaity could be higher than 105 kW if the
PV connections are distributed (probably not compuly equally) on the three phases
instead of only into two, according to a more &ali degree of unbalance. In these
conditions other acceptable cases with higher R\épation levels could probably be found,

in which both the phase-neutral voltage and the \¢aifrlay within the limits.

In order to evaluate the PV hosting capacity ofieewvork under more realistic situations,
further simulations characterized by unbalanceeéetiphase PV connections have been

performed.

The following unbalanced distribution has been @eTed to split the PV power: 50% of the
total PV power connected to phase a, 30% to phasel 20% to phase c.
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With this not too heavy unbalanced configuratioa torst bus remained the same: bus 6.
Due to this, the phase-neutral voltages as wethasvUF have been considered referring

again to bus 6, the one at the end of the network.

It has been decided to repeat the 40% and 50% eadd® and 157 kW — changing the
power distribution as described above and to censfdrther cases with progressive

increasing PV installed power.

40% Case with abc connections

About the 40% case with connections to the thresses, it can be noticed that both in the
base case and in the ones with the tapping adti@nghase-neutral voltages at the worst bus
(bus 6) are within the acceptable range +10% ofritiminal value. Losses and VUF are

acceptable as well.

For this reason it can be said that this scenaiitb this PV penetration level can be

considered feasible.
Base case results:
* phase-neutral voltages at the final bus withinrdrge -4%/+6%;
* phase-ground voltages at the transformer levelipedly at the nominal values;
* neutral-ground voltage peaks at around 2.5% ohtmeinal value;
e VUF below 1.1%;
* amount of energy losses of about 11.61 kWh;
e maximum power loss ratio of about 1.7%.
1-Phase case results:
* phase-neutral voltages at the final bus withinrérege -2%/+3.5%);
» phase-ground voltages at the transformer levelinvitie range -4%/+2%;

* neutral-ground voltage peaks below 2.5% of the nainialue;
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WITHOUT Q REGULATION CASES: RESULTS COMMENTS AND ANLYSIS

«  VUF below 1.25%;

* amount of energy losses of about 12.22 kWh, ieuraat +5.29% compared to the

base case;
« maximum power loss ratio of about 1.8%.

In Table 4.14 the total energy amounts absorbedobgs, injected by PVs and the
transformer and the corresponding absolute enesg/dmount, energy loss ratio and energy

deviations from the base case re reported.

Total Energy Total Energy Energy Energy Energy Loss Deviation
absorbed by injected by | through the Loss Energy Loss [%, compared to base
Case loads [kWh] PV [kWh] trafo [KWh] [kWh] Ratio [%)] case]
Base Casg 759.78 981.99 -210.6( 11.6[1 1.18% +0.00%
3-Phase 760.07 981.97 -209.68 12.2% 1.24% +5.29%
1-Phase 764.90 981.84 -204.78 12.16 1.24% +4.77%

Table 4.14. PV40% abc scenario — energy analysis

50-60-70% Cases with abc connections

The 50%, 60% and 70% cases, which refer respegtieePV power connections of 175,
210 and 245 kW — show that the PV hosting capamtyd be higher than 140 kW only if
phase-wise tap actions are performed. In fact bothe base case and in the 3-phase case

the phase-neutral voltages could not stay withenabceptable limit range.

Anyway, an higher PV power penetration could notdomsidered acceptable although
phase-wise tapping actions: this is because the ¢ leads to VUF peak value which is
higher than 2%.

The results of the 70% scenario in the 1-phasea&@sso summarized:
* phase-neutral voltages at the final bus withinrérege -2%/+8.8%);
» phase-ground voltages at the transformer levelinvitre range -5%/+2%;
* neutral-ground voltage peaks below 4.5% of the nainralue;

¢ VUF peak around 2.05%;

150



WITHOUT Q REGULATION CASES: RESULTS COMMENTS AND ANLYSIS

* amount of energy losses of about 41.72 kWh, ieuraat +9.50% compared to the

base case (38.10 kwh);
« maximum power loss ratio of about 3.8%.

In Table 4.15, Table 4.16 and Table 4.17 the tetargy amounts absorbed by loads,
injected by PVs and the transformer and the coomdipg absolute energy loss amount,
energy loss ratio and energy deviations from theelzase re reported referring respectively

to the 50%, 60% and 70% scenarios.

Total Energy Total Energy Energy Energy Energy Loss Deviation
absorbed by | injected by PV | Energy through Loss Loss Ratio | [%, compared to base
Case loads [KWh] [KWh] the trafo [KWh] [KWh] [%0] case]

Base Case 766.62 1224.70 -436.63 21.45 1.75p0 +0.00%
3-Phase 752.51 1224.48 -448.38 23.59 1.93% +9.98%
1-Phase 765.86 1224.08 -434.89 23.38 1.91% +8.76%

Table 4.15. PV50% abc scenario — energy analysis
Total Energy Total Energy Energy Energy Energy Loss Deviation
absorbed by injected by PV | Energy through Loss Loss [%, compared to base
Case loads [kWh] [kWh] the trafo [KWh] [kWh] Ratio [%)] case]

Base Casg 769.70 1468.77 -670.66 28.41 1.93% +0.00%
3-Phase 751.97 1468.50 -684.89 31.64 2.15% +11.37%
1-Phase 767.24 1467.91 -669.63 31.04 2.11%% +9.26%

Table 4.16. PV60% abc scenario — energy analysis
Total Energy Total Energy Energy Energy Energy Loss Deviation
absorbed by injected by PV | Energy through Loss Loss [%, compared to base
Case loads [KWh] [kKWh] the trafo [KWh] [kWh] Ratio [%] case]

Base Casg 774.76 1714.48 -901.62 38.10 2.22% +0.00%
3-Phase 751.56 1714.29 -919.65 43.08 2.51M% +13.07%
1-Phase 769.12 1713.54 -902.70 41.72 2.43% +9.50%

Table 4.17. PV70% abc scenario — energy analysis

80% Case with abc connections

Whenever the peak value of 2.05% of the VUF isaumisidered a problem for the technical

feasibility of the 70% study case, this case cinalatonsidered acceptable.

For this reason in order to find the extreme situmta further case has been studied: the 80%

case, which refers to PV power connection of 280 kW
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WITHOUT Q REGULATION CASES: RESULTS COMMENTS AND ANLYSIS

The situation regarding the VUF peak is now stilt too worse than the one found in the 70%

case, but on the other hand the phase-neutralgesitexceed the limit range. Due to this the

80% case could not be considered acceptable.

The results of the 80% scenario in the 1-phasea&@sso summarized:

In Table 4.18 the total energy amounts absorbedobyls, injected by PVs and the

transformer and the corresponding absolute enesg/dmount, energy loss ratio and energy

phase-neutral voltages at the final bus withinrtrege -3%/+12%;

phase-ground voltages at the transformer levelimvitie range -5%/+3%;

neutral-ground voltage peaks below 5.5% of the nainralue;

VUF peak around 2.05%;

amount of energy losses of about 63.69 kWh, ieursdt +9.64% compared to the

base case (58.09 kwh);

maximum power loss ratio of about 5%.

deviations from the base case are reported.

Total Energy Total Energy Energy Energy Energy Energy Loss Deviation
absorbed by loads| injected by PV | through the Loss Loss Ratio | [%, compared to base
Case [kWh] [kWh] trafo [KWh] [KWh] [%] case]
Base
Case 781.33 1953.92 -1114.50 58.09 2.97¢ +0.00%
3-Phase 752.19 1953.00 -1135.35 65.46 3.35 +12.69%
1-Phase 774.00 1952.04 -1114.35 63.69 3.26 +9.64%

At the end it can be concluded that, thanks to e connection configuration, the 40%

scenario is now acceptable both without and wipipitag action, which means that with

Table 4.18. PV80% abc scenario — energy analysis

these connections the amount of PV power 140 k¥disissible.

The 50% and 60% cases — respectively 175 and 21G-ld&Nowed that the PV hosting

capacity could be higher than 140kW only if phassevtap actions are performed.
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WITHOUT Q REGULATION CASES: RESULTS COMMENTS AND ANLYSIS

Similar considerations can be done regarding tlé @@se — 245 kW — only if the VUF peak

of 2.05% is not considered as a strictly limitation

On the other hand, an higher PV power could naidmsidered acceptable although a phase-

wise tapping.

So finally it can be concluded that in 3-phase caskbalanced PV power injection the
hosting capacity has become much bigger comparpdetdous 2-phase connection cases if
single phase tap actions are performed: it groas f£40 kW to 210 kW or even 245 kW if

the 70% case is considered acceptable.

So the 245 kW case can be seen as the limit becasifiecan be seen in the following table,
the 80% case (280 kW) leads to phase-neutral \@stadnich exceed the limit range within

they should stay: +10% of the nominal value.

At the end it should also be remembered that umaiv simple conditions without any
reactive power injection by the PV plants has beamsidered. It could easily be possible
that the PV hosting capacity of the network could Higher than 105 kW (even if the
connections are again to phases a and b), if tleecBWMId inject inductive-capacitive reactive
power, following a voltage and active power depewdelaw:Q=f(V,P). In fact, thanks to

the reactive power injected by the PV plants, thd\bf the 40% and 50% with a and b
connections cases could decrease under the 2% dintihe phase-neutral voltages in the 80%

case could get closer to 1 p.u. and stay withirithiés.
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WITHOUT Q REGULATION CASES: RESULTS COMMENTS AND ANLYSIS

All the analyzed scenarios and cases results mmgyssummarized in Table 4.19:

PV 10% Scenario: 35 kW PV connected to phase a

Case Voltages deviation (an, bn, cn) atbus p ~ MaxUF at bus 6 Max neutral potential Total losses [kWh
Base Case -5%/+5% 1.2% 2.3% 6.45
3-Phase -7%I1+3% 1.25% 2.3% 6.59
1-Phase -2.5%/+2.5% 1.25% 2.3% 6.66
PV 30% Scenario: 105 kKW PV connected to phases adh
Case Voltages deviation (an, bn, cn) at bus p MaxUF at bus 6 Max neutral potential Total losses [KWh
Base Case -8.5%/+7% 1.4% 4% 14.65
3-Phase -12%/+4% 1.5% 4% 15.05
1-Phase -5%/+4% 1.9% 4% 15.24
PV 40% Scenario: 140 kW PV connected to phases adh
Case Voltages deviation (an, bn, cn) at bus p MaxUF at bus 6 Max neutral potential Total losses [KWh
Base Case -10.1%/+10% 1.7% 5.5% 24.72
3-Phase -16%/+5% 1.8% 5.5% 26.21
1-Phase -6.5%/+5% 2.5% 5.5% 26.25
PV 50% Scenario: 175 KW PV connected to phases adh
Case Voltages deviation (an, bn, cn) at bus 6 MaxUF at bus 6 Max neutral potential Total losses [kWh
Base Case -12%/+13% 2.05% 7% 40.30
3-Phase -18%/+8% 2.2% 7% 43.98
1-Phase -8%/+9% 2.9% 7% 43.75
PV 40% Scenario: 140 kW PV connected to phases aahd c
Case Voltages deviation (an, bn, cn) at bus § MaxUF at bus 6 Max neutral potential Total losses [KWh
Base Case -4%/+6% 1% 2.5% 11.61
3 Phase -6.5%/+3.5% 1% 2.5% 12.22
1 Phase -2%/+3.5% 1.25% 2.5% 12.16
PV 50% Scenario: 175 KW PV connected to phases aahd c
Case Voltages deviation (an, bn, cn) atbus §  MaxJF at bus 6 Max neutral potential Total losses [kWh
Base Case -6%/+11% 1.4% 4% 21.45
3 Phase -10.5%/+6% 1.4% 4% 23.59
1 Phase -3%/+6% 1.8% 4% 23.33

PV 60% Scenario: 210 kW PV connected to phases aahd c

Case Voltages deviation (an, bn, cn) at bus § MaxUF at bus 6 Max neutral potential Total losses [KWh
Base Case -6%/+11% 1.5% 4% 28.41
3 Phase -11%/+7% 1.5% 4% 31.64
1 Phase -3%/+7% 1.8% 4% 31.04
PV 70% Scenario: 245 kW PV connected to phases aahd ¢
Case Voltages deviation (an, bn, cn) atbus §  MaxJF at bus 6 Max neutral potential Total losses [kWh
Base Case -4%I/+13% 1.7% 4.5% 38.10
3 Phase -10.1%/+8.8% 1.7% 4.5% 43.08
1 Phase -2%I/+8.8% 2.05% 4.5% 41.72
PV 80% Scenario: 280 KW PV connected to phases aahd c
Case Voltages deviation (an, bn, cn) at bus § MaxUF at bus 6 Max neutral potential Total losses [KWh
Base Case -6%/+16% 1.8% 5.5% 58.09
3 Phase -11%/+12% 1.9% 5.5% 65.46
1 Phase -3%/+12% 2.05% 5.5% 63.69

Table 4.19. Overall summary of all the scenariod eases
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WITH Q REGULATION CASES: PLOTS AND NUMERICAL RESULS

4.3. With Q regulation cases: plots and numerical result

The next analyzed scenarios will be based on cdasgres between the previous 1-phase

cases without any reactive power simulations aadttes with it.
As before, the plots and the numerical values tepawill be:
« Phase-neutral voltages ate the worst bus;
« Phase-ground voltages at the transformer levelh, &othe MV and the LV sides;
« Neutral-ground voltage at the worst bus;
* The VUF at the worst bus;
e Total power losses of lines;
e Total power loss ratio;

* A table containing numerical values of energy anmewntering/exiting into/from

the system.
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PV40% — 140 kW — phases a and b

4.3.1.

PV40% — 140 kW — phases a and b

All the three phase-neutral voltages at the woust (pus 6) from 1-phase case without any

reactive power regulation and the one with it deser to 1 p.u. Phase-neutral voltages and

tap positions are depicted respectively in Figuld 2 and in Figure 4.113.

Phase-n Voltage [pu]

Phase-Neutral Voltage at bus 6: 1-Phase Case wtibiw Q regulation - PV40% - ab
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Figure 4.112. Phase-Neutral Voltage at bus 6 — &dehCase — With/Without Q regulation comparisothéscenario with

Tap Position

2.5

140 kW of PV connected to phase a and b

Tap Position: 1-Phase Case with/without Q regutetiBVV40% - ab
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Figure 4.113. Tap Position — 1-Phase Case — Wittt Q regulation comparison in the scenario witd kW of PV

connected to phase a and b

156



PV40% — 140 kW — phases a and b

About the phase-ground voltages at the MV sidéhefttansformer, it can be said that they
all reduce because of the Q regulation (Figure4).1®n the other hand, at the LV side only
the one at phase c gets reduced, while the otherirterease: it can be seen from Figure
4.115 that all the three voltages get closer tal p

Phase-Ground Voltage at transformer MV-side: 1-Bl@ase with/without Q regulation - PV40% - ab
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Figure 4.114. Phase-Ground Voltage at transformé&f-8ide — 1-Phase Case — With/Without Q regulatmmgarison in the
scenario with 140 kW of PV connected to phase aband
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Figure 4.115. Phase-Ground Voltage at transformérdide — 1-Phase Case — With/Without Q regulatmmarison in the
scenario with 140 kW of PV connected to phase aand
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PV40% — 140 kW — phases a and b

As depicted in Figure 4.116 the Q regulation meakesneutral-ground voltage at the worst

bus gets closer: peaks decrease from 5.5% to 4.5%.

1-Phase Casewittigut Q regulation - PV40% - ab
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Figure 4.116. Neutral-Ground Voltage at bus 6 —HaBe Case — With/Without Q regulation comparisotihnéscenario with

140 kW of PV connected to phase a and b

From Figure 4.117 it can be deduced that the Qla#&gu is not able to reduce the VUF at

bus 6: peaks are again around 2.5%.
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Figure 4.117. VUF at bus 6 — 1-Phase Case — Wittt Q regulation comparison in the scenario vili#td kW of PV

connected to phase a and b
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PV40% — 140 kW — phases a and b

Both the total power loss and the power loss rgéba bit reduced thanks to the reactive

power regulation, as it can be noticed from Figudel8 and Figure 4.119.

Total Power Losses: 1-Phase Case with/without Qlagign - PV40% - ab

With Q reg
** Without Q red

[m1] sasso Jamod

Time [h]

Figure 4.118. Total Power Losses — 1-Phase Caséh/Without Q regulation comparison in the scenasith 140 kW of PV

connected to phase a and b
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Figure 4.119. Total Power Loss Ratio — 1-Phase Gagéth/Without Q regulation comparison in the smémwith 140 kW of

PV connected to phase a and b
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PV50% — 175 kW — phases a and b

In Table 4.20 the total energy amounts absorbelbdys, injected by PVs and the amount
through the transformer are reported together tiéhabsolute energy loss and the energy
loss deviations from the case without any Q regurat

Total Energy Total Energy Energy Energy Loss Deviation [%,
absorbed by injected by PV Energy through Loss compared to the case without Q
Case loads [KWh] [kWh] the trafo [kWh] [kWh] regulation]
Without Q
regulation 763.71 970.58 -180.62 26.24 +0.00%
With Q
regulation 757.74 974.70 -192.48 24.4 -6.74%

Table 4.20. PV40% ab scenario 1-phase case — wittout Q regulation energy analysis comparison

4.3.2. PV50% — 175 kW — phases a and b

All the three phase-neutral voltages at the woust (bus 6) from 1-phase case without any
reactive power regulation and the one with it,deser to 1 p.u. Phase-neutral voltages and

tap positions are depicted respectively in Figui®@ and in Figure 4.121.
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Figure 4.120. Phase-Neutral Voltage at bus 6 — agehCase — With/Without Q regulation comparisotihéscenario with
175 kW of PV connected to phase a and b
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PV50% — 175 kW — phases a and b

Tap Position: 1-Phase Case with/without Q reguhatiB\VV50% - ab
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Figure 4.121. Tap Position — 1-Phase Case — WitthdVit Q regulation comparison in the scenario witb kW of PV

connected to phase a and b

About the phase-ground voltages at the MV sidéhefttansformer, it can be said that they

all reduce because of the Q regulation (Figure2).12n the other hand, at the LV side only

the one at phases a and reduce, while the otheénorease: it can be seen from Figure 4.123.

It has to be noticed that phase a reduces evew lleéo-5% limit: almost till -6%.

Phase-Ground Voltage at transformer MV-side: 1-Pl@ase with/without Q regulation - PV50% - ab
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Figure 4.122. Phase-Ground Voltage at transforméf-8ide — 1-Phase Case — With/Without Q regulatmmgarison in the

scenario with 175 kW of PV connected to phase aand
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PV50% — 175 kW — phases a and b
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Figure 4.123. Phase-Ground Voltage at transformérdide — 1-Phase Case — With/Without Q regulatmmarison in the

scenario with 175 kW of PV connected to phase aand

As depicted in Figure 4.124 the Q regulation makesneutral-ground voltage at the worst

bus gets closer: peaks decrease from 7% to 5%.

— With Q reg

1-Phase Casewittigut Q regulation - PV50% - ab
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Figure 4.124. Neutral-Ground Voltage at bus 6 —HaBe Case — With/Without Q regulation comparisothéscenario with

175 kW of PV connected to phase a and b
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PV50% — 175 kW — phases a and b

From Figure 4.125 it can be deduced that the Qla&gu is not able to reduce the VUF at

bus 6: on the other hand it makes it bigger, speaks grow from 2.7% to 3.5%.

VUF at bus 6: 1-Phase Case with/without Q regutetiBV50% - ab

— With Q reg

- Without Q req|

[96] 4NA
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Figure 4.125. VUF at bus 6 — 1-Phase Case — Wittt Q regulation comparison in the scenario wi##tb kW of PV

connected to phase a and b

Both the total power loss and the power loss rgéba bit reduced thanks to the reactive

power regulation, as it can be noticed from Figufe26 and Figure 4.127.

Total Power Losses: 1-Phase Case with/without Qlagign - PV50% - ab
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Figure 4.126. Total Power Losses — 1-Phase Casé&h/Without Q regulation comparison in the scenaith 175 kW of PV

connected to phase a and b
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PV50% — 175 kW — phases a and b

Power Loss Ratio [%)]
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Figure 4.127. Total power Loss Ratio — 1-Phase Gagéth/Without Q regulation comparison in the smémwith 175 kW of
PV connected to phase a and b

In Table 4.21 the total energy amounts absorbelbdnys, injected by PVs and the amount
through the transformer are reported together tghabsolute energy loss and the energy

loss deviations from the case without any Q regutat

Total Energy Total Energy Energy Energy Loss Deviation [%,
absorbed by loads| injected by PV | Energy through Loss compared to the case without Q
Case [KWh] [KWh] the trafo [KWh] [kWh] regulation]
Without Q
regulation 765.04 1207.02 -398.23 43.75 +0.00%
With Q
regulation 764.03 121341 -408.23 41.15 -5.94%

Table 4.21. PV50% ab scenario 1-phase case — wittout Q regulation energy analysis comparison
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PV70% — 245 kW — phases a, b and ¢

4.3.3. PV70% — 245 kW — phases a, b and c

All the three phase-neutral voltages at the woust (pus 6) from 1-phase case without any
reactive power regulation and the one with it,deser to 1 p.u. Phase-neutral voltages and

tap positions are depicted respectively in Figul®8 and in Figure 4.129.
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Figure 4.128. Phase-Neutral Voltage at bus 6 — agehCase — With/Without Q regulation comparisotihéscenario with
245 kW of PV connected to phase a and b

Tap Position: 1-Phase Case with/without Q regutetiBVV70% - abc
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Figure 4.129. Tap Position — 1-Phase Case — WitthdVit Q regulation comparison in the scenario vd#¢b kW of PV
connected to phase a and b
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PV70% — 245 kW — phases a, b and ¢

About the phase-ground voltages at the MV sidehefttansformer, it can be said that the
ones at phases a and b reduce, while at phage almost the same (Figure 4.130). On the
other hand, at the LV side only the one at phaget€ reduced, while the other two increase:
it can be seen from Figure 4.131.

Phase-Ground Voltage at transformer MV-side: 1-Bl@ase with/without Q regulation - PV70% - abc
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Figure 4.130. Phase-Ground Voltage at transformé&f-8ide — 1-Phase Case — With/Without Q regulatmmgarison in the
scenario with 245 kW of PV connected to phase aband

Phase-Ground Voltage at transformer LV-side: 1-Pl@ase with/without Q regulation - PV70% - abc
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Figure 4.131. Phase-Ground Voltage at transformérdide — 1-Phase Case — With/Without Q regulatmmarison in the
scenario with 245 kW of PV connected to phase aand
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PV70% — 245 kW — phases a, b and ¢

As depicted in Figure 4.132 the Q regulation makesneutral-ground voltage at the worst

bus gets closer: peaks decrease from 4.5% to 4%.

Neutral-Ground Voltage at bus 6: 1-Phase Casewittigut Q regulation - PV70% - abc

With Q reg
** Without Q reg|

[nd] abeyjon punoio-fesnan

Time [h]

Figure 4.132. Neutral-Ground Voltage at bus 6 —HaBe Case — With/Without Q regulation comparisotihéscenario with

245 kW of PV connected to phase a and b

From Figure 4.133 it can be deduced that the Qlatign is not able to reduce the VUF at

bus 6: on the other hand it makes it bigger, speaks grow from 2% to 4%.

VUF at bus 6: 1-Phase Case with/without Q regutetiBVV70% - abc
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Figure 4.133. VUF at bus 6 — 1-Phase Case — Wittt Q regulation comparison in the scenario vid¢b kW of PV

connected to phase a and b
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PV70% — 245 kW — phases a, b and ¢

Both the total power loss and the power loss rgaba bit increased due to the reactive

power regulation, as it can be noticed from Figud84 and Figure 4.135.

osses: 1-Phase Case with/without Qlatign - PV70% - abc

L

Total Power
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Time [h]

Figure 4.134. Total Power Losses — 1-Phase Casé&h/Without Q regulation comparison in the scenasith 245 kW of PV

connected to phase a and b

Total Power Loss Ratio: 1-Phase Case with/withotg@lation - PV70% - abc
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Figure 4.135. Total Power Loss Ratio — 1-Phase Gagéth/Without Q regulation comparison in the smémwith 245 kW of

PV connected to phase a and b
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PV80% — 280 kW — phases a, b and ¢

In Table 4.22 the total energy amounts absorbelbdys, injected by PVs and the amount
through the transformer are reported together tiéhabsolute energy loss and the energy
loss deviations from the case without any Q regurtat

Total Energy Total Energy Energy Energy Loss Deviation [%,
absorbed by loads | injected by PV | Energy through Loss compared to the case without Q
Case [kWh] [KWh] the trafo [KWh] [kWh] regulation]
Without Q
regulation 769.12 1713.54 -902.70 41.7% +0.00%
With Q
regulation 767.34 1715.44 -904.88 43.2% +3.60%

Table 4.22. PV70% abc scenario 1-phase case —wiittout Q regulation energy analysis comparison

4.3.4. PV80% — 280 kW — phases a, b and c

As it can be seen in Figure 4.136, the phase-riewgitages at bus 6 are characterized by

many fluctuations, which of course are not desired.

Phase-Neutral Voltage at bus 6: 1-Phase Case wigtgQation - PV80% - abc
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Figure 4.136. Phase-Neutral Voltage at bus 6 — &dehCase — With/Without Q regulation comparisothéscenario with
280 kW of PV connected to phase a and b
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PV80% — 280 kW — phases a, b and ¢

The cause is due to the too high gain of reactoxegp regulation law (described in Chapter

3.3), which makes the control system unstable.

Due to this, it has been decided to consider amdifft Q=f(V,P) law, which is shown in
Figure 4.137. Compared to the previous one (Fi§usg it presents the same dead band but
a different gain: there is a continuous growth/dase from the limit voltage values of the

dead band to the extreme voltage values of thdatgu algorithm.

New RCP Capabilty for PV Inverters
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Reactive power [pu]

Voltage [pu] 09 0 Active power [pu]

Figure 4.137. New Reactive Power Control capabftityPV inverter

Thanks to this expedient, it has been possibledaaahe undesired fluctuations.

According to this new regulation law, plots and ruital results are now reported below.
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PV80% — 280 kW — phases a, b and ¢

All the three phase-neutral voltages at the woust (bus 6) from 1-phase case without any
reactive power regulation to the one with it, geser to 1 p.u: the voltage at phase a is now
within the limit. Phase-neutral voltages and tapiians are depicted respectively in Figure

4.138 and in Figure 4.139.
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Figure 4.138. Phase-Neutral Voltage at bus 6 — &dehCase — With/Without Q regulation comparisothéscenario with
280 kW of PV connected to phase a and b

Tap Position: 1-Phase Case with/without Q regutetiBVV80% - abc
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Figure 4.139. Tap Position — 1-Phase Case — Wittt Q regulation comparison in the scenario vé80 kW of PV
connected to phase a and b
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PV80% — 280 kW — phases a, b and ¢

About the phase-ground voltages at the MV sidehefttansformer, it can be said that the
ones at phases a and b reduce, while at phage almost the same (Figure 4.140). On the
other hand, at the LV side the ones at phases acaget reduced, while the other one
increase: it can be seen from Figure 4.141. Ittbdse noticed that phase a reduces even

below the -5% limit: almost till -6%.

Phase-Ground Voltage at transformer MV-side: 1-Bl@ase with/without Q regulation - PV80% - abc

1.005
1.004
— 1.003
>
k=
& 1.002
8
o
> 1.00%
>
Q |
I R N R CN ]
_C 1 | |
o | |
I I — WithQreg-a
0.999 ! ‘ - ‘ ! ——WithQreg-b [
: : : : : — With Qreg - c
R R T | v 44 |7~ ~WithoutQreg - 4|
0.998 | | | | | | | -~~~ Without Q reg -
I I I I I I I -~~~ Without Q reg - g
0997 1 1 1 1 1 1 1 1 I I I
0 2 4 6 8 10 12 14 16 18 20 22 24

Time [h]

Figure 4.140. Phase-Ground Voltage at transformé&f-8ide — 1-Phase Case — With/Without Q regulatmmgarison in the

scenario with 280 kW of PV connected to phase aand

Phase-Ground Voltage at transformer LV-side: 1-Pl@ase with/without Q regulation - PV80% - abc
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Figure 4.141. Phase-Ground Voltage at transformérdide — 1-Phase Case — With/Without Q regulatmmarison in the

scenario with 280 kW of PV connected to phase aand
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PV80% — 280 kW — phases a, b and ¢

As depicted in Figure 4.142 the Q regulation makesneutral-ground voltage at the worst

bus gets closer: peaks decrease from 6% to 5%.

Neutral-Ground Voltage at bus 6: 1-Phase Casewittigut Q regulation - PV80% - abc
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Figure 4.142. Neutral-Ground Voltage at bus 6 —HaBe Case — With/Without Q regulation comparisotihéscenario with

280 kW of PV connected to phase a and b

From Figure 4.143 it can be deduced that the Qlatign is not able to reduce the VUF at

bus 6: on the other hand it makes it bigger, speaks grow from 2% to 4.5%.

VUF at bus 6: 1-Phase Case with/without Q regutetiBV80% - abc
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Figure 4.143. VUF at bus 6 — 1-Phase Case — Wittt Q regulation comparison in the scenario vd80 kW of PV

connected to phase a and b
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PV80% — 280 kW — phases a, b and ¢

Both the total power loss and the power loss micot present relevant differences due to

the reactive power regulation, as it can be notfoeah Figure 4.144 and Figure 4.145.

Total Power Losses: 1-Phase Case with/without Qladgn - PV80% - abc
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Figure 4.144. Total Power Losses — 1-Phase Caséh/Without Q regulation comparison in the scenasith 280 kW of PV

connected to phase a and b
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Figure 4.145. Total Power Loss Ratio — 1-Phase Gagéth/Without Q regulation comparison in the smémwith 280 kW of

PV connected to phase a and b
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PV80% — 280 kW — phases a, b and ¢

In Table 4.23 the total energy amounts absorbelbdys, injected by PVs and the amount
through the transformer are reported together tiéhabsolute energy loss and the energy

loss deviations from the case without any Q regurtat

Total Energy Total Energy Energy Energy Loss Deviation [%,
absorbed by loads | injected by PV | Energy through Loss compared to the case without Q
Case [kWh] [KWh] the trafo [KWh] [kWh] regulation]
Without Q
regulation 774.00 1952.04 -1114.53 63.69 +0.00%
With Q
regulation 769.04 1956.51 -1122.65 64.82 +1.77%

Table 4.23. PV80% abc scenario 1-phase case —wiittout Q regulation energy analysis comparison
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WITH Q REGULATION CASES: RESULTS COMMENTS AND ANALSIS

4.4. With Q regulation cases: results comments and anadys

The second set of simulations are based on thédewaton of inductive-capacitive reactive
power injection from the photovoltaic inverters ating to theQ=f(V,P) law, previously

described in detail in Chapter 3.3.

As said at the end of Chapter 4.2, the cases reigdemnred with this additional control
algorithm have been the 40% and 50% ab cases andrteés with highest PV power
injection, i.e. the 70% and the 80% abc cases. @asygns between the 1-phase cases in the

scenarios with and without Q regulation have besfopmed.

40% and 50% ab cases

The overall results of both the 40% and the 50% sh®w that positive benefits have been
improved upon the phase-neutral voltages at tted Bos, the neutral ground voltage at the
same one and the total and relative power loss ataodot any relevant difference has been
found at the phase-neutral voltages at the MV sfdfe transformer, but on the other hand
in the 50% case at the LV side the voltage pealphase a has been decreased below the
lower limit of -5%. About the VUF at the final bui,has been found that it has not been
reduced with the Q regulation: in the 50% cased been even increased. Finally the energy
losses in these two cases have been decreasedewaf percentage points thanks to the

reactive power control system.

In the 40% ab scenario, i.e. the one with 140kWnheated to phases a and b, the 1-phase

case results with the reactive power regulatiortrobsystem are:
* phase-neutral voltages at the final bus withinrérege -4%/+4.5%;
* phase-ground voltages at the transformer levelipedly at the nominal values;

e neutral-ground voltage peaks at the final bus atired 4.5% of the phase-ground

nominal value (230 V);

e VUF peaks around 2.5%;
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WITH Q REGULATION CASES: RESULTS COMMENTS AND ANALSIS

* amount of energy losses of about 24.48 kWh, i.eursd -6.74% compared to the

case without reactive power regulation;
« maximum power loss ratio of about 3.5%.

The situation is very similar to the one withoutr€ulation, with the main difference that
now the neutral conductor potential at the worst btays below 4.5%. The phase-neutral

voltages at the same bus got closer to 1 p.u.ledtJF has practically not changed.

What have changed have been the analyzed energynénowhose analysis and

comparisons are reported inTable 4.24.

Total Energy Total Energy Energy Energy Loss Deviation [%,
absorbed by injected by PV Energy through Loss compared to the case without Q
Case loads [KWh] [kWh] the trafo [kKWh] [kWh] regulation]
Without Q
regulation 763.71 970.58 -180.62 26.24 +0.00%
With Q
regulation 757.74 974.70 -192.48 24.4 -6.74%

Table 4.24. PV40% ab scenario 1-phase case — wittout Q regulation energy analysis comparison

In the 50% ab scenario, i.e. the one with 175 k\Wheated to phases a and b, the 1-phase

case results with the reactive power regulatiorirobeystem are:
* phase-neutral voltages at the final bus withinrdrge -4%/+6%);
* phase-ground voltages at the transformer levelinvitre range -6%/+5%;
e neutral-ground voltage peaks at the final bus @iz 5% of the nominal value;
e VUF peaks around 3.5%;

e amount of energy losses of about 41.15 kWh, i.eurat -5.94% compared to the

case without reactive power regulation;
¢ maximum power loss ratio of about 4.5%.

The situation is quite different to the one with@utegulation, because now, in addition to

the fact that the phase-neutral voltages at thetviurs are much closer to the nominal value,
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WITH Q REGULATION CASES: RESULTS COMMENTS AND ANALSIS

the neutral potential peaks at the same bus decteakt (from 7% to 5%). Again negative

effects have been found about the VUF at bus @ei#ks increased over 3%.

Energy amounts analysis and comparisons are rejporieable 4.25.

Total Energy Total Energy Energy Energy Loss Deviation [%,
absorbed by loads| injected by PV | Energy through Loss compared to the case without Q
Case [kWh] [kWh] the trafo [kKWh] [kWh] regulation]
Without Q
regulation 765.04 1207.02 -398.23 43.74 +0.00%
With Q
regulation 764.03 1213.41 -408.23 41.15 -5.94%

Table 4.25. PV50% ab scenario 1-phase case — wittout Q regulation energy analysis comparison

70% Case

In the 70% case, which refers to a PV power commeatf 245 kW, the following two
positive effects have been found: the phase-neutidtdges at the worst bus gets closer to
the nominal value and the neutral conductor paiéati the same bus got reduced. On the

other hand the same negative effect on the VUFapde

About the energy losses, it can be said that s ¢thse the reactive power control system

leaded to a few percentage points increase.
The results of this case are:
* phase-neutral voltages at the final bus withinrtrge -2%/+4.5%;
« phase-ground voltages at the transformer levelinitie range -5%/+2%;
e neutral-ground voltage peaks at the final bus @trad 4% of the nominal value;
¢ VUF peaks around 4%;

* amount of energy losses of about 43.22 kWh, ieuraat +3.60% compared to the

case without reactive power regulation;
« maximum power loss ratio of about 4%.

Energy amounts analysis and comparisons are rejorfeable 4.26.
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WITH Q REGULATION CASES: RESULTS COMMENTS AND ANALSIS

Total Energy Total Energy Energy Energy Loss Deviation [%,
absorbed by loads | injected by PV | Energy through Loss compared to the case without Q
Case [KWh] [kWh] the trafo [kKWh] [KWh] regulation]
Without Q
regulation 769.12 1713.54 -902.70 41.7% +0.00%
With Q
regulation 767.34 1715.44 -904.88 43.2% +3.60%
Table 4.26. PV70% abc scenario 1-phase case —wiittout Q regulation energy analysis comparison

80% Case

In the 80% case, which refers to a PV power commecf 280 kW, as it could be seen in
Figure 4.136, the phase-neutral voltages at buse&claaracterizes by many fluctuations,
which of course are not desired at all. The casiskie to the too high gain of reactive power

regulation law (described in Chapter 3.3), whictkesathe control system unstable.

As previously said in Chapter 4.3.4, it has beeasid#el to consider a differe@=f(V,P) law
(Figure 4.146), which, compared to the previous, gmesents the same dead band but a
different gain: there is a continuous growth/deseesitom the limit voltage values of the
dead band to the extreme voltage values of thdatgu algorithm.

New RCP Capabilty for PV Inverters
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Figure 4.146. New Reactive Power Control capabftityPV inverter
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WITH Q REGULATION CASES: RESULTS COMMENTS AND ANALSIS

Thanks to this expedient, it has been possibledaaahe undesired fluctuations.

According to these considerations, it could be tated that the fluctuations take places in
presence of high PV power injection on one singlase (the 50% of the total amount of the
energy in this case — 64.82 kWh — is injected anly one phase, i.e. 32.41 kWh injected
into phase a), which is much bigger than the orsoidied by loads at phase a, i.e. 295.5
kWh.

A conclusion to this is that the DSO should take mccount that if it issues reactive power
regulation laws with a so high gain as in the faase, it could happen that fluctuations take
place if a so high PV power amount is connecteth¢ogrid; in this case it should provide

regulation laws with a smaller gain, so that it Idobe possible to accept such a high PV

penetration.

In this case, considering as said the new Q rdgulédw, the following two positive effects
have been found: the phase-neutral voltages atohst bus gets closer to the nominal value
and are now within the limit range, and the neutductor potential at the same bus got

reduced. On the other hand the same negative effettie VUF appeared.

About the energy losses, it can be said that is thse the reactive power control system

leaded to a few percentage points increase.
The results of this case are:
« phase-neutral voltages at the final bus withinrtimge -2%/+8%;
« phase-ground voltages at the transformer levelinitie range -6%/+2%;
e neutral-ground voltage peaks at the final bus@trad 5% of the nominal value;
e VUF peaks around 4.5%;

* amount of energy losses of about 64.82 kWh, i.eursd +1.7% compared to the

case without reactive power regulation;
« maximum power loss ratio of about 5%.

Energy amounts analysis and comparisons are rejorfeable 4.27.
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WITH Q REGULATION CASES: RESULTS COMMENTS AND ANALSIS

Total Energy Total Energy Energy Energy Loss Deviation [%,
absorbed by loads | injected by PV | Energy through Loss compared to the case without Q
Case [KWh] [kWh] the trafo [kKWh] [KWh] regulation]
Without Q
regulation 774.00 1952.04 -1114.53 63.69 +0.00%
With Q
regulation 769.04 1956.51 -1122.65 64.82 +1.77%

Table 4.27. PV80% abc scenario 1-phase case —wiittout Q regulation energy analysis comparison

Finally it can be concluded that both the two rie@cpower regulation algorithms brought
real great benefits on the phase-neutral voltagekicing their deviations to the nominal 1
p.u. value. Moreover it leaded positive effectoalpon the neutral-ground potential, which
has always been reduced: even sometimes permidtiggt below the 5% limit when it was
higher. Not too relevant variations — few perceatagints — have been caused to the total

energy loss amount.

What has highly been changed in a negative wayoban the level of voltage unbalance at
the final bus, i.e. the VUF index, since its valirew in all the cases characterized by the

reactive power control system.
The reason is naturally related to the positive reghtive sequences amounts.

Since the algorithm is just based on active powerghase-neutral voltage measurements, it
is clear that the implemented reactive power corilaev does not absolutely take into

account any sequence-related index.

Therefore it could be concluded that the accepthivig case is the 80% case (i.e. a PV
penetration of 280 kW), since the phase-neutrahygels at bus 6 and the neutral conductor
potential are within the respective limits and sirtbe energy loss are still acceptable. The
situation could be considered infeasible if the VatFbus 6 is considered, since it exceeds
the extreme limit of 3%. Actually this index is reaipposed to be controlled by the tap logic
system, neither by the reactive power one: for tbé&son the DSO is supposed to consider

this aspect and look for other expedients.

At the end it can be concluded that the algorithonks well, since its proper regulation goal
is the approach of the three phase-neutral volteg#se nominal value. Its operations also
permit to obtain very positive effects to the naltroltage too. Any relevant negative effect
iIs caused on the energy loss amounts and to thagesl at the transformer level. The

mentioned negative effects on the VUF amounts havée considered and taken into

181



WITH Q REGULATION CASES: RESULTS COMMENTS AND ANALSIS

account by the DSO, which has to guarantee thhéstbelow the limits issued by the

national and European technical standards. The EI8@Id so consider this VUF increase
and decide if it needs to be controlled and moedatirectly from the same reactive power
algorithm, or if it should be managed by other conalgorithms in other points of the

distribution grids.

Nevertheless it should be remembered that all taralyzed cases are characterized by very
high unbalanced conditions and by very high acpieever injection amounts, which very
improbable could be found practically in the realit

All the comparisons of the analyzed scenarios ianplg summarized in Table 4.28:

PV 40% ab Scenarid 140 kW PV connected to phases a and b

Without Q regulation

With Q regulation

Voltages deviation (an, bn, cn) at bus

-6.5%/+5%

-4%/+4.5%

Max VUF at bus 6 2.5% 2.5%
Max neutral potential 5.5% 4.5%
Total losses [kWh] 26.25 24.48 (-6.74%)

PV 50% ab Scenarid 175 kKW PV connected to phases a and b

Without Q regulation

With Q regulation

Voltages deviation (an, bn, cn) at bus -8%/+9% -4%I/+6%
Max VUF at bus 6 2.9% 3.5%
Max neutral potential 7% 5%
Total losses [kKWh] 43.75 41.15 (-5.94%)

PV 70% Scenaria : 245 kW PV connected to phases a, b and ¢

Without Q regulation

With Q regulation

Voltages deviation (an, bn, cn) at bus

-2%/+8.8%

-2%/+4.5%

Max VUF at bus 6 2.05% 4%
Max neutral potential 4.5% 4%
Total losses [KWh] 41.72 43.22 (+3.60%)

PV 80% Scenaria 280 kW PV connected to phases a, b and ¢

Without Q regulation

With Q regulation

Voltages deviation (an, bn, cn) at bus -3%/+12% -2%/+8%
Max VUF at bus 6 2.05% 4.5%
Max neutral potential 6% 5%
Total losses [KWh] 63.69 64.82 (+1.77%)

Table 4.28. Overall comparisons summary
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Chapter 5

Conclusions

This work has presented the simulation studiedezhout in a project in collaboration with
the Danish counselling company ‘PSS Energy’ whedim was to develop and test the
feasibility of a decoupled three-phase OLTC tramsfiy in the distribution system with the

objective of improving the distribution network pemquality.

Further simulations and analysis have been runidersg an additional control system,
based on the management of the reactive powergwovby the PV plants according to
local real time voltage and active power measurésnémvestigations on coordinated control
solutions between the OLTC control and reactive gropwrovision by PVs have been
performed. The reactive control provision logic Hasen set according to a specific
Q=f(Vv,P) 3D-curve, which includes topics both of the Italiand the German technical

guidelines for distributed generation plants coteegto MV or LV grids.

A real Danish low voltage network with characterizireal measurement data of the loads

and realistic PV generation profiles have been tsegply the proposed control systems.

To perform the RMS (root mean square) simulatibwe, grid elements behavior and the
control scheme for both the OLTC and the reactisegyr controller have been modelled

with the software DigSilent PowerFactory.



CONCLUSIONS

For each scenario and case considered, severaktemdeave been directly — or after
calculations — monitored: phase-voltage magnitudésthe worst bus, phase-ground
magnitudes at both the sides of the MV/VL transferymeutral potential at the worst bus,

voltage unbalance factor at the worst bus andljinlé relative and absolute system losses.

The simulation process involved the definition afveral PV penetration percentage
scenarios, under which three control options f& @LTC have been implemented: no

control, 3-phase synchronous control and 1-phaseugded control.

As first analysis several very unbalanced PV conoecases have been studied and it has
been found out that the decoupled OLTC is ablemorove the PV hosting capacity of the
grid, since acceptable voltages, voltage unbaldactors and energy losses have been

guaranteed.

After all more realistic PV connection configuratiohave been considered: the 50% of the
total PV installed power connected to phase a, 80phase b and 20% to phase c. With this
not too heavy unbalanced configuration, thank$itodecoupled phase-wise tap control, the
maximum acceptable PV hosting capacity has groam 40 kW (i.e. the 40%abc scenario)
to 245 kW (i.e. the 70%abc scenario). In the precee voltage unbalance factor has shown
to be growing respect to the Base case as a @sthle opposite trends in the positive and

negative sequences magnitudes.

The second set of simulations are based on thédewaton of inductive-capacitive reactive
power injection from the photovoltaic inverters acting to a particulaQ=f(V,P) law.
Comparisons between the 1-phase cases in the msendgh and without Q regulation have
been performed: it has been found that if the PWavas too high (i.e. in the case of 280 kW,
80%abc case) the situation presents many undeirediations, which make the control
system unstable. The cause is due to the too lEghaj reactive power regulation law, so
that it has been decided to consider a diffel@nf(V,P) law, which compared to the

previous one presents the same dead band buteediffgain.

In general this PV reactive power control systeraugght benefits on the phase-neutral
voltage deviations and on the neutral potential, §iace its control logic does not consider
any voltage sequences analysis, it also involvetsined increases of the voltage unbalance

factor.

184



CONCLUSIONS

A conclusion to this is that the DSO should take @ccount that if it iSsues reactive power
regulation laws with a so high gain as in the faase, it could happen that fluctuations take
place if a so important PV power amount is conreet¢tethe grid; in this case it should

provide regulation laws with a smaller gain, sd thaould be possible to accept such a high

PV penetration.

About the increasing of the VUF, since in the axiecase it exceeds the limit of 3%, it
should be remembered that it is not supposed tmbeolled by the tap logic system, neither
by the reactive power one. These negative effecth® VUF amounts have to be considered
and taken into account by the DSO, which has toaguee that it lies below the limits issued

by the national and European technical standawdgirig for other expedients.

The objective of future works is to extend the datians analysis over a longer time period
(weeks) and to run practical tests: the decoupiegetphase on load tap changer transformer
will be experimentally tested using the SYSLAB-Pokab.DK experimental facility at the
DTU Risg Campus in 2015.
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