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Over 90% of electricity supply interruptions are caused by faults of the 20 kV medium
voltage network. Often in rural area networks medium voltage branch lines have to be
built for individual transformers, since the customers are scattered and the distances are
long. These branch lines increase faults which cause interruptions to a whole medium
voltage output lineRural medium voltage netwaslaretypically located in forests and

major apartofitwab ui | t i ni 1t9h7e0 61s9 Sneadssu be tehewdsin the

near future The result of his renewal workmust be able to respond to the futuee r
quirementsn thefollowing 40-60 years andbe doneas costeffective as possible

LVDC distribution is a promising solutidior the renewalthe benefits of whiclare
large power transfer capacityith low voltageand improvemesst to reliability and
powerquality. The previous tests showed that the LVDC system tolerates medium vo
tage nework autorecloses without an interruption or a voltage drop due to the teapaci
ance of thesystem Moreover, it prowdes an easy connecting point the distributed
generation and energy reserves. However, the LVDC system is a totally nenolegy
in distribution networks and with the presafgty convetersonly a maximum oprating
time of 1520 yeards achievedwhich is 12 times less than an average of lifetime of
other parts of the distribution networRower electronics is constantly evolving,tee
lifetime will likely grow in the future.

Power electronics enabgéeveral new network structures,which aunipolar point
to-point LVDC system is the solutipiwhich is the easiest option to mot@ in the
perspective of the distribution networknspany.The power transfer capacity of that
system has been calculated in this thesis using voltage drop and maximum loast of tran
fer cable as boundaries. Based on the power transfer calculations and using results of
mass computation of the network, areedetined the branches of the medium voltage
network in the distribution area of Vattenfall Verkko Oy, which can be replaced by
LVDC distribution. Depending on voltage drop selection, thare 42164767 km
branchline sectionswith a single transformewhich can e replacedThis is 1922 pe-
cent of the entire length of medium voltage network of Vattenfall VerkkoMayeo-
ver, it seems to be also technically possible to replace short and low power multi
transformer branch lines with LVDC distributiofibhus can be inferred that LVDC sk
tribution have a good utilization potential.
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TERMS AND DEFINITIONS

Symbols

Aviire crosssectionharea of a wire

I current of the cable

lwire current of the single wire

I max maximum current ofhe wire

Imax wire ~Maximum current of the single wire
[cable length of the cable

[ max maximum length of the DC cable
[wire length of the wire

P input powerof the inverter

Roc wie  DC-resistance of the wire
roc wie  DC-resistance of the wir@ s Y/ km

Funi transfer resistance with unipolar connection
S nominal apparent power of transformer
U voltage

Uac n nominal output AC voltage of the inverter
Upc input  iNput voltage of the inverter

Un voltage drop of the cable

Un max  mMaximum volage drop in the DC cable
Un wire  Voltage drop of the single wire

Upc min  Minimum input voltage of the inverter

Un nominal output voltage of the rectifier

Abreviations

AC aternating current

AXMK  0,6/1 kV ground cable with PEXsulation, 4 symmetrialuminum wires

DC direct current

Dyn transformer structure, which causes 30 degree phase shift between primary
and secondary and formgeoundedstar point of secondary winding

EMC electromagnetic compatibility

LvDC low voltage direct current

RMS root mean square



1 INTRODUCTION

Electricity distribution networks are a
dependence on electricity has increased dramatically in recent decades and tlze expect
tions of the quality of powedare higher thanwer.

The development of distribution networkte a more coseffective and reliableid
rection requires constantly developing new solutions. Orieeggromising solutions is
proving to be low voltage direct current (LVDdjstribution. Because of the dsap-
ment of power electronics and decrease in ceM8C distribution has started to imte
est the distribution network companies even mbokDC is also one topic whiched
velops the distribution networks towards the smart grid, since the system enalles ea
connecting point for distributed generation and energy storages.

So far low voltage has been applied to electricity distribution only in AC, whereas
DC has been given far less attention. For the time being DC technology has been used
only for high volage solutions because of thighhcosts of the DC systemidowever,

LV DC distribution would increase powaansfer capacityvith low voltage cables in
the boundaries of the Low Voltage Directivithe LVDC system also improves power
quality and reducescuso mer s 6 1| [t errupti ons.

Especiallyin the rural area networks transformers and customers are scattered, so
often 20 kV medium voltage branch lines have to be built for individual transformers.
The majority of the distribtion networks were built duringtime, whenreliability was
not as significant a factor as minimization of the investment costs and losses. Thus, a
large part of the medium voltage hch lines were built acrogeress and using open
wire lines instead of more reliable cabl&tormsand snow loads cause faults on open
wire lines, which has been a significant source of faults throughout the medium voltage
line. Furthermore, aignificant part of the rural area networks have to be renewed soon
because of agag. Therefore, development technical solutions and reliability impre
ing havebecome moreelevantissues|2]

It is possible to replace lepower medium voltage branch lines by LVDC digtrib
tion. This thesis presents the unipolar pdimpoint LVDC distribution system with
four-wire ground cables, which is plannedcooperation with Vattenfall Verkko Oy
and ABB Oy Drives Based on this systecalculations of its power transfer capacity
are presentedrhe purpose of this thesis is to determine, based on those calcudation r
sults how large numbeof medium voltage branch lines with a single transformer can
be replaced by LVDC distribution in the distribution area of Vattenfall Verkko Oy, and
based on outcomes considerutilization potential
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1.1 Organization of thesis

First in thechapter 2 the thesis introduces the distribution network and its structure
This gives the reader the basis to understand the envirofonevitich LVDC distribu-

tion is designed. Rapter 3 presents generally the advantages of LVDC distribution and
its posibilities for further development of distribution networkBhe challenges
brought by this new network technology are also introduChdpter 4 presents diffe

ent solutions of distribution; special focus on a podpoint LVDC distribution sg-

tem, which is plannedn cooperation with Vattenfall Verkko Oy and ABBy Drives.
Chapter 5 introduces methods for power transfer capacity calcudatiothe LVDC
distribution systemand results using presetidy ground gableBoundary conditions

are voltage droand the maximum load of cable. When limit curves of power transfer
are clear, the chapter 6 determines which brancht®e network of Vattenfall Verkko

Oy can be replaced by LVDC distribution using resultsmaks computation.

1.2 Vattenfall Verkko Oy

Vatten f a | | Verkko Oy is a part of the Vatt
fifth-largest electricity producer and the largest producer of heat. It is completely owned
by state of the Sweden. Vattenfall AB operates in eight countries; Sweden, Finland,
Denmark, Germany, Poland, Great Britain, Belgium and the Netherlands. It has a total
of 40000 employees and 7,4 million customers.

Vattenfall Verkko Oy is the second largest distribution network company in Finland.
Its operating area is shown in a figurd.. It has approximately 3¥®0 customers and
distribution network of altogether over 620 km. 22 050 km of it is 20 kV medium
voltage network and 3825 km 0,4 kVlow voltage network. Therare also 21520
20/0,4 kV distribution transformers. The Math f a | | Verkko Oybés di
consists mainly of sparsely popul ated ar
distribution technlogy is especially important. [3

o
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Figure 1.1.The operating area of the Vattenfall Verkko [Q)



2 DISTRIBUTION NETWORK

Distribution networks areaapr t of soci etyds infrastruct.
the electrical networklhe technical task & distribution networkis to move electricity

to the wistomersThis electricity can come through the maimndgor it can be produced

by power plants which are connected directly to the distribution network. Properties of
the distribution network affect the cust
interruptions. Distribution network of a specific aremisvned by t he areabo
network company, which is responsible forrtaintenance and development. [4

2.1  Distribution network technology

In Finland the electricity distribution networks anerrently based oa threephase AC

voltage withnominal fequency of 50 Hzwhich is used at a variety of voltage levels. In

this threephase system the phase voltages have alégfee phase shift with respect to

each other. Use of AC voltage malad®ringthe voltage level possible using cheap and
simple trasformers. When the use of AC technology was decided, system with three
phases proved to be the best alternative. One of the benefits is the fact that with three
phase system the same power can be transferred with a smaller need of material and
lower costscompared to other AC systems. Moreover, an induction motor works-direc

ly connected to a thregghase network. The induction motor is the simplest and most
commonly used electric motor.][1

Three different voltage levelmemainly used in he current distbution networks in
Finland.These voltage levels are 1k, 20kV and 0,4kV. The 110 kV voltage level
createsthe connection between a distribution network and the main Daisk of the
main grid is high voltage (O 110 kV) tr
plants to closeto the actualconsumption areas, where it connects to the distribution
network. The main distribution voltages are the 20 kV medium voltage¢hend,4 kV
low voltage. In the distribution networks there also are other levels of medium voltage
than 20 kV but they are built only in exceptional ca3éere is also the newer distuib
tion sydsem based on 1 kV lowoltage technology. Itis in experim&@l use and consist
of 20/1/0,4 kVAC voltage levels[1; 4]

Over 90% of electricity supply interruptions experienced by customers are caused
by faults of the 20 kV medium voltage network. The remaining approximately 10% of
interruptions are caused by thg! kV low voltage network. About 90% of the medium
voltage network faults are shdadrm faults which lash maximumof few minutes
High-speed and delayed automatic reclosing aeglio remove those failures] [4
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2.2 Structure of the distribution network

Electrical networks can be divided indoradial network ané ring networkon the basis

of their structure. The loads of the radial network get electricity only via one foute.
the ring network the electricity can garaugh more than one rowsterhe low voltage
networks arenearly alwaysbuilt as radial networks. Crucial parts wiedium voltage
networks areusually builtwith the ring structureHHowever those medim voltage ring
networks are operatdike a radial network.The ring structure improwghe reliability

in fault and maintenance situatiosice it is possible to provide electricity through
several routes. With the ring structure the supply interruptions caused by faults and
planned power cuts are shortelirtterruption can even be complatgrevented[2]

Different kinds of structuresexist forrural and urban networkklrban networks are
almost entirely built witlground cable. aw voltage networks in the centre of cities are
often also built using the ring structure. Often in rural are@vorks 20 kV medium
voltage branch lines have to be built for individual transformers, since the customers are
scattered and the distances are long. These branch lines increase faults whiai- cause i
terruptions to a whole medium voltage output likspedally the replacement of this
kind of branch lines using the LVDC distribution system is discussed in this {f2&sis.

Rural medium voltage networks are typically located in forests. The majority of the
rur al di stribution neitWonkés .webuer ibnug- Itth at
bility was not as significant a factor as it is nowadays. Minimization of the investment
costs and losses were the main factors which directed the planning of the network. This
led to a distribution network topology inhich the lines were built directly across the
forest. About 90% of the present medium voltage network is-ofp@nlines from its
structure insteadf more reliable cable lines.][2

A significant part of the opewire lines have to beenewedin the near tture be-
causeof the ageing. This renewal work has two key challenggst of all, technical
solutions which are able to respond to the expectations for the distribetiworks for
the following 40-60 yearsare required. Second, the reconstruction e hetworks
should be done as cesffective as possibjso that the costs to the owners and austo
ers will remain at an acceptable leyét. 6]

23 Distribution network companies?®b
distribution

Distribution network companies operate ldgand own their distribution network. The
distribution network companies are obliged to maintain, use and develop theimgistrib
tion network and secure the supply and sufficient quality of &égtto the customers,
which asstatedin the Electricity Market Act [§. Considering quality, the key elements

to electricity are reliability and voltage quality. They are determined almost exclusively
by the propertiesf the distribution network. [4
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With the Electricity Market Act the electricity distributidras become its own hius
ness area, which is separated from the rest of the electricity and energy businesses. E
tricity distribution isa monopoly business, in which each distributor has a monopoly in
their own distribution regianTherefore, the economand technical supervision by the
electricity market authorities related to it.The economic supervision implies for-i
stance that a moderate profit margin to be gained from its business operation is defined
for a distributor. The current replacemensitcof the networkwhich depends on the age
of the network and amount of new network investmeeftgcts tothe profit margin
Therefore, the impact of new technology to the current replacemeritagistbe taken
into account when considering leggescale utilization[4]



3 EFFECT OF THE LVDC DISTRIBUTION ON
THE DISTRIBUTION NETWORK

At the moment the DC poweechnologyis utilized in telecommunication, rail traffic,

the electrical systems of ships and the high voltage sea cable systems [7]. Ghthese,
high voltage sea cables are most closely related to the electric power networks. They are
used mainly to power transmission betwsgnchronous regionsyhich have differing

phase or frequencyHowever, many advantages are gainedh\wiDC as well. L\DC

is one topic whichdevelos the distribution networks towards the smart grid and lsring

new opportunities to electricity distribution and distribution network development.
However, the LVDC system is a totally new technology in the distribution netwswks

it brings challenges that must be taken into account.

3.1 Advantages of the LVDC system

DC can be used at a higher voltage ldsetause of the definitions of the AC and DC
voltage ranges in the Low Voltage Directive. The Low Voltage Directive LVD
2006/93EC defines the maximum value of low voltage as 1000 VAC and 1500 VDC
[7]. Therefore, DC voltage makes larger power transmission possible with the llow vo
tage compared to AC voltage, because the use of the higher voltage level increases the
power transfecapacity.When transferring the same power at a higher voltage, the cu
rent of the line is reduced@he power loss in the line is proportional to the square of the
current value.

The losses are also reduced when using the same RMS voltage level, sino€ wit
the inductance of the line does not affect in the stassate, and therefore the reactive
power is not transferred at alfurthermore, the skin effect which increases-AC
resistance does not occur in DC. So there€istance is lower than the A€dstance.
Lower resistance means less power losses in power transmission and also higher power
transmission capacitysince DC increases the power transmission capacity of the low
voltage, the lowpower branches of the medium voltage network can be replaced
LVDC distribution. The use of low voltage cables instead of medium voltage cables
reduce both matial and construction costs. 2]

The LVDC system brings also benefits during fault situations. The LVDC network
forms its own protection areaf which faults do not cause interruptions to the entire
medium voltage lineThus, replacement of the medium voltage branch lines to the
LVDC system increases the number of protection aredsedistribution networkand
thereforereduces the number of intertigns in the medium voltage lineghis im-
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proves the reliability of the distribution network. On the other hand, the LVDC system
protects customers from medium voltage line interruptions. There is energy stored in the
capacitances of the converters andha LVDC network itself. With this energy the
inverter can produce the supply voltage during the-bged automatic reclosing, so
that the customers do not experience interruption or any voltage dip at all. [6]

The LVDC system can also improve the guyadif the voltage in a normal operating

situation. Active voltage control of the
l evel at the customerd6s connecting point
supply AC net wor kevel Can bet kepmoonstarg in & \eety tvidegDC |

voltage range of the inverterds input. T

the LVDC system as it does in the traditional AC network. This increases the utilization
potential of the LVDC system bagse during a maximum load situation even a large
voltage drop can be allowed.; [&]

The LVDC system also increases the amount of information in the distribution ne
work which facilitates the use and monitoring of the network. The current converters are
able to gather a | ot of information- abou
tages and powers. If there is a communication link between the converters ana-the co
trol room, the converters can transmit rale information about the distributicys-
tem status and quality of the electricity for the Network Control System. This measuring
data can also be used for example to identify the route of the fault current and for the
fault localization since potential fault points can be computed usinguét Eurrent via
ue and network data. Thigould simplify and accelerate the removing of a fault. The
interruptions could also even be prevented by the active control of inverters when the
measuring data is found to be abnormal, before the actual proteaids. This is
possible since the inverters can measure smaller changes in currents and valtages co
pared to the actual protection devid@s.6; 7]

3.2 Possibilities of the LVDC system in the future

The LVDC system brings new opportunities to the distrdoubf electricity. In thed-

ture, energy reserves and distributed generation can be more easily connected to the
LVDC networ k. l't i s possible to secure t|
reserves also during longer interruptions than thé-Bgged automatic reclosing. The
capacity of the energy reserve and the consumption at that time determine the length of
the interruption that can be prevented.

Using the LVDC system as the connecting point of the distributed generation brings
many benefs. If a rectifying bridge of the rectifier is made with active switchinghco
ponents, power can be transferred in both directions. In this case, the generation can be
connected to the DC network and one centralized converter takes care of the synchron
zaton to the AC network. This reduces the total amount of the power electronics which
is needed for connecting the distributed generation to the distribution network, so that
reduces the costs. The LVDC system can receive more generation capacity than the tr
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ditional 400 VAC network, which enables larger generation units to be connected to the
|l ow voltage networ k. This is due tam the
pacity and possibility to adjust electrical values with the converters. [6]

In addition to the easier network connectiontbé distributed generatioajother
advantage is an opportunity to island mode operation of the LVDC sy$tentustm-
ers of the LVDC system would be possible to supply even longer periods of time only
with the powerof the local generation during an interruption in the supply of the m
dium voltage networkThis of course requires, that the local generation is enough to
cover the power consumption and it is possible to keep both the generationnand co
sumption in balace. In normal operation, the energy storages and local generation can
be used to balance the power consumption and the power stipipé/raedium voltage
network. [2 8]

In the future, household and industrial customers can also be connected directly to
the DC connection. In industry and, for example, in apartment houses the electricity
must be usually transferred long distances with the low voltage, which causes losses and
requires use of the heagauge wires. To reduce these losses, the use of the LVDC
system would be a viable solution. In that case, the need for an inverter can be entirely
avoided, which reduces the construction and maintenance costs of the LVDC system.
Al so the power | osses of the equipment a
[6]

Maj ority of t h e -boosursirghdevices,ssiich as edectrionics, ¢ i t
lightning and electric heating are suitable to be used with DC, eithetlgioe¢hrough
little changesinduction motors, which are widely used in the industry, regAi€ to
function. However, most of induction motors today are driven using electric drives,
which produce the required AC voltage from a DC intermediate circuit with an inverter
bridge. Therefore, induction motors can be sourced with DC voltage and itantgh:

l' y make the motor drivesd structure simp
devices do not cause major challenges when considering DC supply for either hous
hold or industrial customerf5]

3.3 Challenges of the LVDC system

The utilizaton of the LVDC system in the distribution network requires the usewf po
er electronic converters. These rectsi@ndinverters have ndbeen usedbeforein the
distribution network, so from that point of view the LVDC distribution system is a
completelynew technology. New technology always brings new challenges and tec
nical and economical risks which must be taken into account.

The LVDC distribution system increases the total number of components o&the di
tribution network.The LVDC system at leasequires a transformer, a rectifier and an
inverter. Power electronic devices are sensitive to over voltages, and moreover, the
growing number of components may expand the total number of faults. Furtheamore,
greater number of components means more patdatlt points, so the fault locabz
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tion can become more difficult without the reimhe information about the state of the
converters. [6]

The operation of the convertersoé switec
which may impair the voltage qualiboth in the customers and the supply AC network.
However, the decrease in voltage quality is not so significant that the harmonics would
be an obstacle to the implementation of the LVDC system. Frequencies and amplitudes
of the harmonics depend on theitelving components of the converter and them-co
trol. Usually, harmonic filters are connected with converters for reducing harmonics.
Use of these filters weaken the efficiency, complicate the structure of the converters and
raise the price of the systefi; 2]

The use of power electronics causes losses and maintenance costs. Further, when
parts of the 20kV medium voltage line are replaced with the LVDC system, losses of
power transfer will increase due tonler level of voltageBesidesthe LVDC system
construction cosisthe costs frommaintenance and losses should be considerezhw
evaluating economical profitability of the LVDC system.

Power electronics have been used extensively in the industry. Accordingeo exp
riences received from there, theiabllity of power electronics is high. However, the
operating life of the converters is considerably shorter than other components in the
distribution network. In industry, the mean time before failure is typically Yyears.
Especially, a lifetime ofthe onver t er 6s capacitors and f:
the converter. Therefore, the lifetime of the converter can be increased with anmainte
ance progr am a n-diagrestias.oNitlv ther presedd§ sonverterk, fit is
possible to achieva maximum operating time of 48 years. Still, converters must be
replaced an average of2ltimes during the lifetime of other parts of the distribution
network, which is about 380 years or even more. Power electronics is constantly
evolving so theifetime will likely grow in the future[6; 9]

Operating conditions ohe convertergsary much moe in the LVDC system than in
industry. Converters are generally usgdearly constant temperature in the igdy
but converters ithe LVDC system arexposed to largéemperature changeshds, in
an ideal situationconvertersshouldtolerateambienttemperature fluciationsat leastin
the range of 35 to + 35degrees Celsiudhereforeattention towardgood insulation
and veitilation needs to be pawhen designinghe converteé cabinet

3.4 Vattenfall 6s LVDC research and e

Research of the LVDC system utilization in distribution network started in the @oper
tion of Vattenfall Verkko Oy and ABB ORrivesin 2008.The firstLVDC systemwas
implemented in the network biarch 2010.Principle of this LVDC systemis similar
to DC-link, butrectifier and inverteare side by sideothe DC cablein betweenis very
short.Pupose of LVDC test wa® examinethe operatiorand influenceof power ele-
tronicsas apat of the distribution networkThe site, which was chosen for the test, had
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previously had complaints due to voltadkictuations and flicker, causedby long
transmssion dstances and high loads. [10]

The tests showethatt he c¢c ust o mer simproved thanks goeheMpG a | i t y
systemand customers themselves were really satisfied with the power quralagd-
tion, the LVDC system tolerates medium voltage network autorecloses without &n inte
ruption or a voltage drop due to tbapacitance of theygem The onlycomplaint came
from the inhabitants of the test site because of the acoustic noise, which was caused by
the cooling fansof the converter cabineBesidesnoise from thefans, theswitching
components in the converter cause noise which dependheir switching frequency
Therefore, a good enough acoustic insulation must be considered when installing the
converters near settlement. The positive experiences and results are the motivation to
continue the research and development of LVDC digion towards wider scale util
zation in the distribution networkl1; 12]
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4 NETWORK SOLUTION OPTIONS OF THE
LVDC DISTRIBUTION

Figure 4.1 presents the low voltage distribution solutions, which are currently in use
Finlandds di st r i lnastimmomantscutionsotliakareaumddr studly. e
Solution a) is the traditional way in which 20 kV medium voltage is transformed with a
20/0,4 kV transformer into the 400 VAC distribution voltage. This does not include any
power electronics but is based ieglyy on the using of distribution transformer with a
simple structure. Its advantage is low total losses, because electric power is transferred
nearconsumption with 20 kV medium voltaged losses of the transformers are small.
However, the branch lindbat had been built withp@nwires are susceptible faults

and are the cause afsignificant part ointerruption costs.

Main line
" 20/0.4 kV
il Branch line -
(=]

%) 20KV AC @ 400 VAC$ fat

1KV AC @%
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Figure 4.1. Example solution of low voltage distribution which has been realized with

a) the traditional 20/0,4 kV AC technolggb) the 20/1/0,4 kV AC technology; c) the
20/1 kv AC technology and 1/0,4 kV conv:e
inverter; d) the LVDC system, which maximum DC voltage is 1500 VDC or +750 VDC,;

e) the pointo-point LVDC link. [12]

20 kV
a3

e)
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In the soluibn b) has been presented the 1 kV AC solution, as an advantage there
are possibility to use the maximum voltage level of the low voltage with AC and a new
protection zongwhich is formed by the 1 kV cable section. The protection zone and the
replacemenof the operwire line by the low voltage cable improve reliability a lot, but
losses increases when the 20 kV branch line is changes by the 1 kV cable. The solution
requires the transformers with new transformation ratios in the network and increases
the btal number of transformers. The solution is mainly in sisedle use at the an
ment.

Power electronics enables several new network structures. Solutions c), d) and e)
utilizes power electronics and those have not yet been used in the distribution network
with the exception of a few test pilots. In the solution c) low voltage power transmission
is realized by 1 kV AC voltage and DC voltage is not used to transmission at all. 1 kV
AC wvoltage is not converted to 40060 VAC
| osses are reduced compared to the solut
is a customeend inverter which converts 1 kV AC voltage to 400 VAC distribution
voltage. The inverter can also improve the voltage quality and enables a obrtrel
voltage level.

Solutions d) and e) are utilized the LVDC technology. The solution d) is perhaps the
most studied LVDC solution and its implementation options are discussed more in
chapter 4.1. In that option, 20/1 kV transformer produces a suitaltége level to the
rectifier from which the power is transf
point there is a customend inverter which changes the DC voltage to 400 VACidistr
bution voltage. This solution utilizes DC transmission as effectis possible buer

guires own inverter each customer 6s.
Solution e) differs from solution d) in that a conversion DC to AC is realized simply
with one centralized inverter instetad of

ing point does not neetid inverter but DC transmission is not used as effectively as in
the solution d). The LWC distribution systenplannedfor the Vattenfall distribution
netvork is based on the solutiof), @vhich is discussed more in the chapter Al2o the
LVDC pilot, which experiences was presented in the chap#eri8close tahis sou-

tion. [13]

4.1 General transmission structure of the LVDC distribu-
tion

The power transmission with LVDC can be implemented with different options of the
power electronic converters and [@Gnductor structures. This thesis does not focus the
precise structure of the converters, but the unipolar and bipolar options of the DC power
transmission are presented more specifically, because the number of conductors and
possible voltage level of LVD depends on the option which is used. These options are
presented with help of the figure 4.1 d) solution because it utilizes LVDC powsr tran
mission as efficiently as possible.
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4.1.1 Unipolar and bipolar connection in the LVDC power transmission

DC power trasmission can be realized with an unipolar or a bipolar connectiom-In u
ipolar connection there are two conductors; the one is outgoing conductor and the other
is return conductor of current. In this case, there is one voltage level for power gransmi
sion,which can be 1500 VDC in maximum according to the Low Voltage Directive.

The bipolar connection is realized with two voltage level. Absolute values of these
voltage levels are the same but the voltages are opposite signs compared to the common
zerovoltage level. Therefore, with the bipolar connection the maximum voltage levels
allowed by the Low Voltage Directive are + 750 VDC. The bipolar connection requires
three conductors because the zestiage level needs its own conductor also. Thecstru
tures ofthe unipolar and the bipolar connections amespnted in the figure 4.2.;[Z;

12]

pc 1
— ‘
DC I — N 20—
| — | — '\ +U) \A—
\ =1 /
il — <7 | == 0VDC 4 -
— 7\ Ul | \AE= AC o
ovDe ¥ S p— \ [—
‘ < > ‘ ? \\_ -[F) 3/4 [
I //“
B9 ¥ ]
I
a) b)

Figure 4.2. The structure of a) the unipolar connection; b) the bipolar connection. The
Low Voltage Directive allows a maximum value of U in the option a) U = 1500VPC; b
U =750VDC.[2]

4.1.2 Network solution with the customer-end inverter

The figure 4.3 presents the LVDC distribution system as part of the distribution network
implemented by the unipolar and the bipolar connection. In both solutions the 20 kVAC
medium voltages first transformed to 1 KVAC with 20/1 kV transformer. This 1 kVAC
voltage is more suitable for the input of the rectifieR0fkVAC voltage is used as the
rectifierds input vol tage, It requires
much higler voltage and would also make the structure more complex, making it not
sensible economicallyzurthermoreadapting of the Low Voltage Directive would not

be no longer possible, if the input voltage of the rectifier is over 1000VAC.
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DC/AC DC/AC
20 kV — = — —
. . (R )
Main line
AC/DC DC/AC
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20/1 kV DC/AC
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20/1 kV ; DC/AC
b) A

Figure 4.3.The LVDC system in the distribution network, when it is implemented with

a) the unipolar connection; b) the bipolar connection. Like in the figure b) is presented,
using the bipolar connection the inverter can be connected to 1) between the zero and
the positivevoltage; 2) between the zero and the negative voltage; 3) between ihe pos
tive and the negative voltage; 4) all three voltage Ig2gl.

The figure 4.3 a) presents the LVDC system with unipolar connection. In this solution
the rectifier produces one volegdevel which transfers the power to the custeeret
inverters. These inverters convert DC to the 400 VAC distribution voltage for $he cu
tomers.The converters of the unipolar system have alavel structure.

The bipolar LVDC distribution system is ggented in figure 4.3 b). The rectifier
produces three different levels of DC voltage (+750V, {"80V). The inverters can be
connected to these voltage levels in three different ways. The first option is to connect
the inverter between one or the otb&e voltage level and zero (figure 4.3. No. 1 & 2).
Another option is to connect the inverter betwden positive and theegative DC vb
tage when the situation corresponds to the 1500 VDC unipolar connection (figure 4.3.
No. 3). The third option is to coect the inverter to all three voltage levels (figure 4.3.
No. 4). Then the structure of the inverter also must be a-taveéin addition to the
rectifier. The advantage of the bipolar system is that if the one or the other DC voltage
connection is misseg, there can still be used the inverters which are connected to the
existing DC voltage. One DC voltage can be missing, for example, during the fault or
maintenance situation. There can be found more information of thel¢éwedeconve-
ters and the bigar sysem in a reference [7]. [Z]
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4.2  Point-to-point LVDC solution in the Vattenfall distri-
bution network

The Pointto-point LVDC system is the solution which is the easmdton to move to
in order toachievethe benefits of the LVDC distribution fromme perspective of the
distribution network company. This is due to the fact that the present distributien tran
former can be replaced by a centralized inverter, when the low voltage network can be
kept unchanged. The majority of the low voltage networthérural area has bean-i
plemented by AMKA cable (1 kV aerial bundled self supporting cable), which cannot
be used at least at the moment in the LVDC system. The currently valid AMKA cable
standard SFS 2200 does not dei A MKAOGs use w] The pobt®- v ol t
point LVDC solution does not require changes inadhstomerendeither, since there is
no need for inverter.

The figure 4.1 epresents the general structure of the ptorptoint LVDC system.
In cooperation with Vattenfall Verkko Ognd ABB Oy Drivesis planned the solution
in the Vattenfall distribution network, which is presented in a figure 4.4. This solution
differs from the general mod&h several waysinstead of a20/1 kV transformera
20/0,63 kV transformeis usedbetweenmediumvoltage and low voltage. After that
there is a D@ink between a rectifier and an inverter as the general soldtidgra DC
voltage of 900 VDC is usedor the power transmissiomfter the inverterthere isa
transformer and an EMC filter unlike in thengeal structure.

f
VN

20/0,63 kV Upc_n =900VDC 550...600/400 V D

~ —

d e =) : =N

— ~

EMC-filter D
Rectifier Inverter Dyn ﬁ

Figure 4.4. The pointto-point LVDC distribution system designed by cooperation of
Vattenfall Verkko Oy and ABB Myives

20/0,63 kV transformer supplies suitable input voltage level for the rectifier, allowing
t he rect i fineamiha opergtiegrrandgei Then rectifier is tlewel bidirec-
tional power converter with DC voltage intermediate circuit, which can also boost the
output DC voltage if necessary. Therefore, it is able to keep the DC voltage almost co
stant even during ghvoltage dips. The dimensioning of the rectifier can be done a
cording to effective power of transfersince the DC cable does not transfeactive
power at all. The rectifierds output is
A voltage of 900 VDC has been chossimce it is the maximum allowed DClvo
tage with current low voltage ground cables, as described in the SFS cable standards
4879, 4880, 5800 and 5548]. Also the unipolar connection brings advantage®-co
pared to bipolar connection with tip®int-to-point solution.Maximum power transfer
capability can be achieved by using fewire ground cables, wheconnected to two
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wires in parallel, as in the figu#5. Thus,ordinary ground cablesan be useth the
LVDC distribution system as efficiently as podsibbecause the transfer requires only
two different voltages and conductors. The-texel converter also has a simpler stru
ture than thredevel converter and therefore it cairts less componendsd may have a
better reliability. The advantages of ribelevel systems come up mainly when used in
LVDC distribution systemssuch as the system in figure 4.3 b).

U(j/i. dh .

<

Figure 4.5. The connection method of fewire ground cable in the unipolar LVDC
distribution systenil]

The inverter is a twdevel bidirectonal power converter with DC voltage integm
diate circuit, like the rectifier. Because of the bidirectional converters, power can be
transferred in both directions, also from the low voltage network to the medium voltage
network. Thus, the distributed geagon can be easily connected to this kind of LVDC
system in the future.

After the invertera Dyn transformers required because low voltage AC network
will be kept unchanged. Dyn transformer makes an earthed star point in the network like
the distribdion transformer does in the present system. This enables the proper oper
tion of the | ow voltage AC networkeand i
vices are connected with a singlease connection, which requires a zero conductor in
the low votage AC network. [15]

4.2.1 Reduction of harmonics and disturbances

Both the beginning and the end of the LVIGk is the transformer that together

creates a galvanic isolation of the LVDC system from the AC network. The galvanic

isolation shut out common mod@rmonics from both the supply and the low voltage

AC network and i mproves the safety of thi
The EMCHilter at the end of the LVDdink is connected the star point of Dyn

transformer. It includes inductors and capacitbiet filter out highfrequency distu

bances of 150 kHz 30 MHz frequency range. The EMter keeps the disturbances

below the limits of EN 61803 standard, which defines the high frequency disturbance

limits of public distribution network. The higinequency disturbances interferescle

tronic equipment of customerso. I f a | oa

electric motors, the filter can be omitted. [15]
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4.2.2 Protection and dimensioning of the inverter

Unlike the rectifier, the inverter caot be dimensioned according to effective power,
but shoricircuit current determines its dimensioning. This is due to the fact that in a
shortcircuit situation the inverter is able to supply only 126%4ts nominal current,

but a traditional fuse protectioof low voltage AC network requires fairly high fault
current to operate correctly. For exam@es0 A fuse requires at leaat250 A short
circuit current to operate according to the five second rule, which is followed when
planning a new low voltage tweork nowadays [14]. For this reason, the invehas to

be dimensioned larger théime power supply capacity would require.

The shorcircuit current supply capability dhe inverter is also one factor thaft a
fects the di men s iutpuvohage andf by exteesion, thevdemerisie r 6 s
ing of the Dyn tr an 3he digherghe @pranarp voliageaof the v o |
Dyn transformer, the larger the transformation rdbecause the secondary voltage of
the transformer must be the distributieoltage of 400 VAC. Thtargerthe transforra-
tion ratio, the higher the transforsmer r
f or mer 6 s Thbus,asdigidaaurrgnt supply capability of the inverter not e-
quiredif the transformation rati is big. Ahigh nominal primary voltage of transformer
requires also as large nominal output voltage of the inverter. The output voltage is pr
duced from input DC voltage of the invertso the input DC voltage must remainio
er to its nominal valueThis restricts tharansfer distance of the LVDC link, because a
maximum allowable voltage drop determines how ltmgDC cable can be between
the converters.

The minimum input voltage of the inverterg§)min) can be calculated from then
minal output valage (Lhc_n) using the following equation:

Yo phuéiczY (4.1)
Coefficient of 1,03 in the equation is a safety margin which prevents too tight-dime
sioning of the inverter. According to this equation, a nominal output voltage of 600
VAC requires ateéast an input voltage of 874 VDC. Thus, voltage is allowed to drop
only 26 VDC from its nominal voltage level of 900 VDC, which means a 2,9%-max
mum voltage drop. If nominal output voltage of the inverter is 550 VAC, a 99 VDC
voltagedrop across the DCalde is allowed, thus meaning a 11% maximum voltage
drop. The optimal point between the shartuit current supply capability and the a
lowable voltage drop will be set the nominal output voltage level of the invertea-prob
bly between 5500 VAC.[15]

4.2.3 Efficiency and losses of the LVDC distribution system

Since the LVDC system is composed of several components, the losses are higher than
the traditional distribution system with one transformer. Both transformers of tA€LV
distribution system, which angresented in figure 4.4, can be estimated efficiency of
98,5%. Both the rectifier and inverter efficiency is approximately 9ib the nominal
operating poinbf converters[15] The EMGHilter causes very little losses, so those can
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be ignored in this estmat e . Mul tiplying the effocienc
nents with each other gives to overall efficiency of the equipment, which according to
those values would be approximately 92%. Losses of the equipment also need to be
added the resistive lossefthe DC cable when examining total losses of the LVDC
system.

In this thesis, the cost of losses is not consideCadculations of the LVDC dist
bution system construction and life cycle costs as well as losses analysis compared to
thecurrentsoluin can be found i n t he,tikdRdiabiF6s t |
ty and Economy Analysis of the LVDC Distribution Systehe thesis will be am-
pleted in early 2012. [15]

4.2.4 Point-to-point LVDC distribution system as part of the traditional
low voltage network

The distribution transformer can be approximately a kilometer away from customers in
the current low voltage distribution system, so that the distribution is implemented in a
sensible way according to the construction costs and losses in traosmigswever,
especially in sparsely populated area there will be situations where, for example, one
new customer is 1,5 to 3 kilometers away from the nearest distribution transformer and
it is likely that there will not be other customers in the afé&.construction of the new
medium voltage branch with a transformer or the pturgoint LVDC distribution sg-

tem like in figure 4.4. would be an unreasonable expensive solution for one consumer.
In this case, one low voltage output line could be constiucten the nearest distiib

tion transformerso that it would constitute LVDC linkvhich allows longer transrs

sion distances. This kind of solution is presented in figureThé.solution is also &s

ful when customers are @misland. Wually, thereareonly a few summer cottages, but
transfer distance carasilybe over a kilometer.

400/630 V

Upc_n = 900VDC 550...600/400 V

U DC_min

~

20/0,4 kv

EMC-filter
Rectifier Inverter Dyn

400 VAC

400 VAC

Figure 4.6.The LVDC distribution system as a part of traditional low voltage network.

This LVDC link structure is otherwise identical to the figure 4.4 system, but 20/0,6
kV transformer is replaced by a 400/630 V transformer, since now it is connected to low
voltage network of 400VTherefore, calculation results for transmission distance of the
LVDC distribution system in chapter 5 are accurate for implementations istmitaose
described in figures 4.4 and 4.6. [15]
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5 TRANSFER CAPACITY CALCULATIONS OF
THE LVDC SYSTEM

The purpose ofhe calculations is tesolve thetransfer capacity ofour-wire ground
cablesin the LVDC systenpresented irthe figure 4.4. The calculatits are made with

three different voltage drop values and thcabletypes which havedifferent cross
sectional areaBased on those calculations can be plotted curves, which are presented
power transfer as a function of transfer distafich. e i n tecdmeécenonicsserns

ble dimensioningwanted power transfer capacéynd limitation of the transfer losses
determineto which the value of the maximum voltage drop will be limitéa Power
anddistanceof transfer are determineavdhich cabletypeshould te selected

51 Calculation methods

Input voltage of the inverter ismaller than the output voltage of the rectifier by the
amount of DC cablebs voltage drop. s#s eXx|
the inverter are determindibw large the maximm voltage drop can bé&laximum
voltage drop of the DC cablgetermines its maximum lengtiWoltage drop depends
only on the DCGresistance anthe amount oturrentflowing through the cabland thus
based on t he Oh mforsasihgkwire ofthencablele wr i t t en

Y Y 0, (5.1)
whereUy, wire IS voltage drop of &ingle wire(V), Roc wire IS DC-resistance of the single
wire ( Yand l,ie is current of asinglewire (A).

The resistance of theire depends on its length, material, cregstional area and
operating temperaturélowever,the DC-resistanceas Y /km at atemperaturef 20 de-
grees Celsiuss knownfor a particular type ofroundcable Therefore, Bc wire Can be
calculated using equation

Y ra (5.2)
whererpc wire is DC-resistance of thevire ( Y/ k m)yeiamirdd sl | engt h  ( k m’
the zero wireof the fourwire ground cables using by Vattenfall Verkko Oy is simitar
the phasewires, equations (5.1) and (5.2) give the same result on alWoas of the
cable Thus, combining equations (5.1) and (542 following can be written for the
length of allthewires:

o —_ (5.3)
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In the unipolar LVDCdistribution system the fowwire ground cable is connected to
two wires in parallel, as presented in the figure 4.5. Therefore, the one pair of pvires o
erates an outgoing conductor and the other operatiésh conductor of currentVhen
calculating the voltage drop of the DC cable, voltage dndmth the outgoing andhe
return route of current must be taken into account. Parallel connection of wires halves
the resistance compared teethingle wire. Haever, when considering both outgoing
and return conductorghe length ofthecur r ent 6 s rtleeuesigganca isd t h
doubled. These canceach otheput, so with the unipolar connection the entire transfer
resistance between rectifier and inverteregual to thec a b | e -@vise resistaace.
Thereforethe followingcan be written:

i [ (5.4)
wherer,,; is the transfer resistance with unipolar connectibormation of the unipolar
resistance i$urther disussedn the reference [JL where the same conclusion has been
reached in thequation (3.3).

Based on the equatisn(5.3) and5.4), the length of the DC cable in the unipolar
LVDC distribution system can be calculated using the following equation:

a , (5.5)

wherelcqpeis the length of the cable (km),,s voltage drop of the cable (V) and | is
current of the cable (A).

When calculating the maximum limit of power transéis a function of transfer si
tance,the voltage drop is kepn the chosen maximum value amdaximum lengths of
DC cables are calculatagsingvarying values of power. Therefore, the equation (5.5)
can be written as:

o _ (5.6)

wherelnax is the maximum length of the DC cabl@m) and U, maxiS the maximum
voltage drop in the DC cabl®/). Since U _maxis a constant value during a calculation
and therpc wieC @an  be f ound ithe onlyméesing pabametedtisecud a t a
rent |.

Since DC voltage remains constarite ttransfed power determines the current.
Thus, f the input power of the inverter denotedP, the current can be calculated using
thefollowing equation:

0 , (5.7)

whereP i s t he i powee(W)aad WcSnputis mpuiuvbltage of the inverter
(V).

When voltage drop is kepit the maximum value during calculation, then the irve
t er 6 s i n patitt mininocun vdaegaed equation (5.7) can be reformutiate

0 —, (5.8)

where™Y . Y Y, whereU, is the nominal output voltage of the rectifier

(V).
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When the equations & and (5.8) are combined, thalowing can be solved for
the maximum length of power transfer:

& ‘ - - (5.9)

Wires havea maximum current limitabove whichthe load current should not rise
When the value of power rises high enough, the current in equation (5.8) reaches the
maximum limit, therefore the equation (5.9) can no longer be uUséet. the current

limit is reachedthe calculationfor larger valuesof powerneeds to be proceeded by
keeping the load current constant instead of the voltage trais casesince the

power is supplied using the maximum value of the curteetU, maxhas to be cale

lated using th input voltage of the inverter:

~ ~. ~. ~.

Y YooY Y — (5.10)
where haxis the maximum current in the wi(8).

Combining equations (5.9) and (5.1@)e equationof the DC cable lengtlban be
written:

a - (5.11)

During calculation pwer values are increased unti Kaxreaches a value of zerand
thus the transfer distance is also reduced to Zém® transfer distance can be calculated
for all values ofpower, which can be transferred within the maximum current limit of
the cable, using equation (5.9) and (5.11).

5.2 Power transfer capacity of the LVDC system

Power transfer capacity of the LVDC distribution sysismalculated with three diffe
ent types oAXMK aluminum cablg, AX50, AX95 and AX150. Vattenfall Verkko Oy
uses these cable typa® construcinew low voltage AC network and thosee suitable
alsofor the use of 900VDCDataof these cabless listed in table 5.1The maximum
current of a single e can be found from theable dataSincethe currentin unipolar
connection is divided between two wirgdbe maximum currendf the cablelnax is
double compared to a single wsr@maximum currentlmax wire Awire IS the cross
sectional area adwire.

Table 5.1 Data ofthecable$16; 17]

Cable type AXS50 AX95 AX150
Awire (mmz) 50 95 150
I'bc_wire » 20eC 0,641 0,320 0,206
I max_wire (A) 150 220 290
I max (A) 300 440 580

The nominal output voltage level of the inverter will be probably set between 550
600 VAC as presented in chapter 4.2Therefore, the maximum voltage drops for the
calcuation are selectefiom thecorresponding values of the inveri@ositput voltages
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of 600 VAC, 575 VAC and 550VAC, when U, is 900VDC. Based on the equation
(4.1)those are 2&DC, 62VDC, 99VDC, or 2,9%, 6,9% and 11%.

Resultscalculatedwith the equabns (5.9) and (5.11gre shown in the figures 5.1,
5.2 and 5.3The curves preseiihe power transfer capacigsa function ofa DC ca-
bl eds | engt hshows the Isnjtbelowhwmbich ¢he power transfer is pass
ble. The linear part of the curves due to the facthat the current ist its maximum
limit and the calculatiomsesthe equation (5.11) instead of the equation (5.9).

Voltage drop of 2,9%
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Figure 5.1 Power transfer capacity of the DC cables when the voltage kimap is
2,9%.
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Figure 5.2 Power transér capacity of the DC cables when the voltage dnoyt is
6,9%.
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Voltage drop of 11%
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Figure 5.3 Power transfer capacity of the DC cables when the voltage kimap is
11%.

Besidesthe power transfer capacitthe figures 5.45.3 show howthe dimensioning of
the inverteraffectsthe power transfer distance by affecting the voltage drop. Mith
avoltage drop of 2,90 apower of 100 kWean be transferred to the distanc®afl km
usingan AX95 cable The transferdistance is increased to 1,k8 if a voltage drop of
6,9 % is used Moreover, this transfer distance would be X#A8with voltage drop of
11%, which is 3,5 times bigger than witme use o2,9% voltage drop.



24

6 POTENTIAL OF LVDC DISTRIBUTION IN THE
VATTENFALL DISTRIBUTION AREA

In this chapterthe scale atvhich theLVDC distribution can be utilized fasubstituting

medium voltage branches in the Vattenfall distribution area in Finkardescribed

Based on the results afmass computatioof the networkthe data of the branch lines

with a single transfoner can be listedThe branches which can be replaced by LVDC
distribution can be obtained by comparingtheo wer s and br atotben | i n
limit curves in the figures 5:3.3.

6.1 Mass computation

The mass computation has been doité the Tekla NIS Network Information System

for the entire distribution network of Vattenfall Verkko Oy. The mass computatien pe

forms, for example, doad flow calculatiorof the network and makes apdated list of

network dataThe programs not able to recauze indvidual parts of thanedium vd-

tage lines such as a branch line, so their data cannot be listed dirkxstigver, se-

tions of the medium voltage lines ending in a transformer can be found from the mass

computation results'he data for the appropriate éisections and for the corresponding

transformers can be listethus, the analysis limited tobranch lines of a single tran

former andails of the multitransformer branches, which are presented in the figure 6.1.

These are locations where LVDC dibtrtion wouldprimarily be used.
ABrancheso, where the transformer is |

close to it can also be found in the list of results from the mass compui@isse are

not sensible targets to LVDC distributicand therefore branchegess thanl00 meter

long arenot included in the analysig 100 meter long branch is also quashort line

to bereplaced by LVDC distribuwn. However,the existing medium voltage network

topology, wherea large number of branches amplementedinearly, needs to be b

sidered When his kind of branch linas rebuilt by cabling, the cable will dauilt along

roads and fieldswhenpossible. Therefore ground cable can be a significantly longer

than thecurrently usedinearbranch line
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Figure 6.1. Examplecase of processing mass computation resBitanch lines with a
single transformer (number 1) and tails of the mtrlinsformer branchegnumber 2),
which are colored green, aredluded in the analysiRed colored parts of brahes
and transformers, which are less than 100 meter away from the main line, are not i
cluded in the analysis.

Data from the mass computation can be listed, using the criteria mentioned above. Data
from the list is summarized and presented in tableAldata is relatedo sections of

lines, which ardonger than 100 meteesd endn a transformer.

Table 6.1Summarizedata from results of mass computing.

The total amount of sectionsgcs) 8308
The total lengh of sections (km) 4809
The average legth of sections (m) 579
The average age of transformers (a) 29
The average nominal poweof transformers (kVA) 88
The total amount ofaerial line in the sections (%) 99
The total amount of over 40 years old transformers (pcs 1016

According to the thle 6.1, the total length of sections for the analysis is 22 percent of

the entire length of medium voltage network of Vattenfall Verkko Oy. The average age
of a transformer is 29 yeaamdmore than 12 percent of transformers are over 40 years

old, so a&rge part of the sections must rebuilt during the next ten years.
























