v

P
brought to you by i CORE

View metadata, citation and similar papers at core.ac.uk

provided by Brunel University Research Archive

A Practical Application of Low Voltage DC

Distribution Network Within Buildings

B MaraH
Hoare Lea LLP. London, UK
bmarah@theiet.org

y.r.bhavanam@ieee.org,

Y R Bhavanarh G A Taylo?, M K A O Ekwué
DarwisH Jacobs Engineering Inc.,
Brunel University London. London, UK Croydon,UK

arthur.ekwue @jacobs.com

gareth.taylor@brunel.ac.uk
mohamed.darwish@brunel.ac.uk

Abstract: The popularity of low voltage DC distribution system
has increased in many countries such as the UK due to
technological advances in power electronics. Thisis a promising
feature for the future smart-grid distribution system because of
its high efficiency and reiability. Hence some of the UK
engineers are looking into the possibility of rolling out low
voltage DC distribution in mainly commercial and residential
buildings. However, the introduction of thistechnology presents
some practical implementation challenges. This paper
investigates the possibilities, benefits, and limitations of a low
voltage DC distribution system within buildings.

Index Terms—Ioad flows, Energy storage, Future smagrid, Low
voltage DC distribution network, Total harmonic dist@n.

I.  INTRODUCTION

Low Voltage (LV) DC power distribution systems wiith
buildings
advantages such as fewer conversion stages, umioted
power delivery, higher efficiency and reliabilitprmpared to
conventional AC systems [1]. In the 1880’'s loadsavenly
found in densely populated areas, the voltage wgesl not
economically competitive as well as the copperdineeded
to transfer power from A to B. Furthermore, tRR Ipower
loss limited the distance power can be transferkdidhael
Faraday's law of induced current due to changingthef
magnetic field solved the issue by using AC sysirestead of
DC system [2]. The advancement of power electrohigs
seen the return of interest in DC distribution egstand this
is once again gaining popularity in many countsash as the
UK.

This paper is organized into six sections: thet fiexction
presents the introduction; the second section tescthow
DC distribution system within buildings can faailié¢ the EU
2020 emissions targets; the third section discutteesnergy
efficiency using LVDC distribution system while disssing
recent studies and consumer electronics load profthe
fourth section proposes the method used; the &éhtion
discusses the scenario testing and harmonic asatgsised

is a promising technology due to various

Efficiency is a key measure to achieve the EU 2@2@ets;
therefore LVDC distribution system will play a gteale in
improving efficiency. LVDC distribution system is are
efficient than AC system [3] as the AC system igenprone
to losses when it is used to distribute power withiiildings
due to the individual conversion stages of consumer
electronics. The three targets defined by the EU aas
benchmark to be achieved by 2020 are [4]:

* Emissions: 20% reduction by 2020 compared to
1990

* Renewable: The grid energy consumption should
be made of 20% renewable energy

» Energy Consumption: A 20% reduction by using
energy efficient plant equipment

With all these environmental concerns the LVDC
distribution system will play a prominent role ichéeving
the three targets stated above. For example theempow
generated from photovoltaic (PV) can be directiyreected
to the LVDC distribution system without the needr fo
intermediate conversion. This will not only improve
efficiency but will at the same time reduce theesiment
cost of the PV system. LVDC distribution systens imaore
advantages compared to AC system [5]. The remdviie
conversion steps for each individual consumer edeat
within buildings would decrease cost and improvieieicy.

It is stated in [6] that it can be assumed thatyeeenversion
steps removed will result to 2.5% increase in gficy. In
addition, LVDC distribution system with centralisé&-DC
conversion would facilitate the filtering procedsharmonics
within buildings. The LVDC system can be more effifex
when it comes to connecting renewable and low aarbo
energy sources to the distribution grid [7]. As mo§ the
decentralised renewable such as PV, batteries,ckieland
other renewable sources produce DC natively or nedluire
intermediate conversion stages to be connectedhdoAC
grid. Therefore, all these renewable sources caditaetly
connected to the grid with LVDC network in place.

by the LVDC converter and last section presents grventually, this will reduce the power losses dgrithe

conclusions.

Il. LOW VOLTAGE DC DISTRIBUTION

conversation stages and reduces capital cost obvkeeall
system [1]. Furthermore, there is a potential otrgy
savings by shifting to DC appliances. In [5] idismonstrated
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that the average energy savings of 33% can beahighen
a DC alternative is chosen. Therefore there mightlittle
other conversion required such as smaller eleatrdavices
with a voltage between 1.8 to 5V. However, theee\arious

envelope. If the entire conversion step can be aqedluo a
single centralised conversion stage at the HV/L¥osdary
substation, this will not only improve the powestdbution
within the building but would also reduce the cabiost of

challenges with the LVDC system apart from DC readpe electrical building services installation andertually

available consumer electronic devices, there a@takchnical
challenges to integrate LVDC to existing AC systemch as
operating and protecting the AC-DC element of teemork
and suitable breakers to disconnect faulty elenwénthe
LVDC system. Moreover, other challenges are thesimis
standards to date how to operate, protect and gurefithe
LVDC system and standard voltages to be used. Neless,
this paper is subjected to the analysis of thedstestate

improve the efficiency of power distribution withiruildings.

A literature research has revealed the study afatoh of
conduction losses induced by a DC distributionesysand a
feasibility study for several voltage levels [1]ndther study
presented schemes with house hold DC network [5]and
proposed a comparison between DC and AC systeri?\Nor
installation with storage to support the grid. Adlviewed

behaviour of a proposed LVDC network. papers fail to address the practical applicatiorthef study
undertaken into the LVDC system within buildings) i
particular for residential and commercial buildingBhis
paper complements the existing research by invatig the
o o o possibilities, benefits, and limitations of a preat low
A study on energy efficiency within buildings hasealed \jtage DC distribution system within buildings. & steady
that buildings account for 40% of the global energyate analysis has been reported using power systelysis
consumption [8]. Building statutory guidance suck &gqftware Electrical Transient Analyzer Program (PJAThe
conservation of fuel and power approved document jnhavioural of LVDC system within buildings has bee
England [9] has helped to reduce energy consumpiionnyestigated. Simulations have been undertakengusie
match the notional building. The main aim is to esergy proposed model with embedded PV generation to ¥
efficiency equipment and reduce the carbon foattf the isiripution network. Load flows at various poirits the
buildings. Introducing LVDC system in building will piiging were established to determine the weagesit of
eliminate the multiple stages of power conversidns the network. Result obtained are presented and/sedhlto

Ill. ENERGY EFFICIENCY USING LOW VOLTAGE DC
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buildings; this will be one of the elements thatuldb help
designers and engineers to meet the EU energy oynti&un
targets. Designers and Engineers should also setesrigy
efficient loads for commercial and residential depenents
which might be categorised into the following;

* Resistive load such as heating loads
» Electronic load such as multimedia equipment

validate the proposed model.

The use of consumer electronics in commercial imgkl
and its typical consumption profile has been mass Ithe
same over the decades. However, the profile foswomer
electronics is changing rapidly due to the advargnof
electronics in particular the silicon microcontesls chips
and the technology to use these chips and develegnaed

*  Electromechanical loads such as pump system@nsumer electronics. The prices and features eBeth

HVAC and catering equipment.

devices have increased and the usage of thesenvhitihes
and offices has dramatically increased in the yddisst of

Resistive loads are more prone to RMS voltage ®aluge consumer electronics uses DC power, howevetatiee

while electronic loads are supplied with directreat with

standard voltage in buildings was long establisttede AC

the aid of AC-DC converters and currently most b t \qjtage, the AC voltage is converted to DC systensdrve

electromechanical loads within building are domaadatvith
AC power supply. Studies have revealed that useripble
speed control for electromechanical loads coulduced
energy consumption by 20% [1]. Variable speed iw@rsr
also has intermediate DC conversion an LVDC systeélin
eliminate the need for the intermediate conversidingre is
also the emerging technology of electric vehiclégchv relies
on electrochemical battery charged with the aidAGFDC
conversion electric changers external to the vehiclwithin
the vehicle [10]. Moreover, PVs are used in redidémand
commercial buildings to compensate carbon foottpfrihe
building as consequence PV installations are cdeddo the
grid. As DC power is generated by the PV installadi a

the consumer electronics. Using LVDC would prevérg
need for AC-DC conversion for each device. The redised
AC-DC conversion would be required at the secondary
substation from where the DC power would be disted to
residential and commercial buildings as proposedeign 1.

IV. PROPOSED LVDC DISTRIBUTION NETWORK

To investigate, analyze, and propose a practieaMutage
DC system, a low voltage DC model was identified am
optimal network of low voltage DC distribution with
buildings was proposed. The block diagram showhiin 1
was proposed which is identical to modern day AC

conversion process from DC to AC is required and ygistribution system within commercial buildings apfrom

another additional conversion losses within theldiog

its network component been DC. The diagram is a



representation of the proposed network in Fig. ¥DC commercial and residential buildings. Protection f&/DC
distribution networks are connected in differentysjathe distribution system is also a challenging phenomeas for
most common connections are unipolar and bipolAC system breakers can trip the system on a zerssirg
connections. The main differences between the twoint. However, in DC systems there is no zerosinmp
connections are the voltage levels obtainable leiwigs point, this might be solved by generating oscitiati during
terminals and their commercial performance. Thelbiphas the period of a breakers opening as the same wagd$onant
an additional zero conductor which make it possilile converters. This might be applied with detectiorickes for
connect load either between the positive conduatal the short circuit, overload and leakage protection.

zero conductor or between the positive and negat’
conductors [11]. For the unipolar LVDC network cention,
load may only be connected between the positive ¢
negative terminals of the LVDC network. Furthermoee
common problem associated with the bipolar LVDCGnoek
is when the connected load to the LVDC network ¢ r | ,

identical as the network system will be unbalancEbe ;5555555*555:55 it
unipolar problem is the increase in cost of the g@ow  ifeewnsememay

electronic devices in the network due to highetage levels i

'
! SECONDARY

CONVERTER | SUBSTATION

ELECTRICAL RISER 2

ELECTRICAL RISER 3

T
"
4:.{ ‘SUE-DISTRIBUTION 3
"
i
'

__________ 7 el

along the LVDC network. Considering the overall tco
between the unipolar and bipolar LVDC system, ibst for a S e

unipolar system is relatively low compared to thpolar @ @

network of the same size [12]and as such the pezpao
network has been based on the unipolar LVDC sy$terits Fig. 1: Proposed LVDC diagram within commerciallinigs

commercial advantage and simplicity.
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A. Network Model
The proposed block diagram consists of 1 MVA ground
mounted transformer denoted as HV/LV on the diagiam The single line LVDC network is shown in Fig. 2;igh
Fig. 1 which steps down the voltage from HV to L\hetwork model has been modelled in the ETAP so#éwar
supplying power to the DC lumped loads of 970 kVdit&y the purpose of studying the steady state behaweduthe
banks are connected in the main LVDC switch roonthin LVDC system within buildings at different electricaub-
event of power failure or alternatively the battbanks might distributions panels. The LVDC network model istamed to
be utilised during peak hours by the network omesatis a be connected to a secondary 11kV/0.4kV AC systeth a
means of balancing the system between generatieh awtomatic tap changer transformer, 12 pulse reddifand a
demand. The proposed network consists of the secgndclosed loop control voltage regulator on the trarskr
substation, the main LVDC switch room, battery tsaakd output which is connected back to the tap chandethe
three sub-distributions in electrical risers withire building transformer to ensure that voltage level at thasfiamer
and roof PV system. The three number sub-distdlouti secondary voltage is always maintained. The LVD&teap
systems were selected to facilitate the simulatishe ETAP might provide a platform for micro-grid system. taies
software. The LV distribution network was modellesing might also be connected directly and eliminate rieed for
the Electrical Transient Analyzer Program (ETAPjtware any major intermediate conversion process, the LVDC
package shown in Fig. 2. The LV DC converter igespnted network is considerably easier to operate and rapulitie to
by the ETAP AC-DC converter module with harmonithe absence of the frequency component. If the pame

spectrum and wave form of the standard IEEE 51%tamu
The standard IEEE 519 equation is a widely usedaoaktor
determining the total harmonics distortion; some tbé
difficulties that arise with the use of the stamb#EE 519
equation is determining a demand current at theggdestage
[7]. This is simply because the recommended déimiDf
demand current value can only be determined
measurements taken after the electrical instafiatio

The power supply for the LVDC distribution systenght
be achieved with the proposed single line diagnaufig. 1. It

voltages to be transmitted are similar for AC an@, IDC
system is more efficient compared to its AC coyrderr As
an additional bonus, the DC power line might bdlgased
to transmit communication and data packages whigininbe
used to securely transmit control signal to conttbé
network.
by

A feasibility study was undertaken in [1] for theeuof
LVDC network in commercial facilities, it concludézat the
suitable DC voltage level is between 300V and 400%rms
of both the economical and technical points of viwd for

is proposed to use an automatically controlled edppthat reason and for it compatibility of three phédsads in

transformer which is connected in to a closed lgoptrol
system with rectifier and the voltage regulator hivit the
loop. The output is a controlled LVDC distributiepstem for

commercial buildings a 400V DC was chosen in theAET
simulations. Therefore, the LVDC output from the didse
rectifier supply is 400V DC between the two polése



following network parameters were used to undertdie load flows. The Newton Raphson algorithm was chdsen

steady state analysis; the simulation because of its robustness to sdheeldad
flows. The ETAP model provided a means of calcntatot
* LV cables resistance: 0.024 ohm/km only the power flows, and the voltages for all rodad in
* Inductance: 0.09mH/km magnitude but it also provided the means of ohtgirthe
» Transformer impedance: 5% complete harmonics spectrum of the AC side of tM®C
* Ring AC voltage is: 11kV Network. The assumption of three-phase balancetkersys
» Secondary voltage is 0.4kV above will allow for the system to be representgdlsingle-

phase equivalent circuit, (i.e. the positive segeen

The LVDC network was modelled using a 1 MVAcomponent of the network). In addition this willosv the
transformer with a typical impedance of 5% andsritiution representation of the network as a single line rdiangin the
network operator (DNO) recommended fault level dETAP software package as shown in Fig. 2.
250MVA at the ring main unit (RMU) which suppliebet
secondary HV/LV substation. A load about 97% of the The 8 number DC Ilumped loads connected on the
transformer rated MVA was connected into the LVBGtsm HV/LVDC radial distribution network consist of bimss
at various load centre within the building, a steadate with supply points U1 and U2 which forms part oé ttring
simulation was undertaken to investigate the veltadgop, main system as a measure of resilience. The radtaork
current flowing through the cables, power flow andupplying the DC lump loads originates from a HV/LV

harmonics. substation where the 11kV is step-down to 0.4k\hilite aid
o1 02 of HV/LV transformer and the 0.4kV voltage servesthe
250 wias 290 mvaze main source for the low voltage DC network. The reuted
Ri;“ Yiﬁiﬁz converter converts the low voltage AC to low vo#dgC and
Fry= iﬁ“ Rl ceiz i two different steps were followed to analyse thevoek:
iéoo kVA e €3 |fce . .
“’T;';M a) The DC lumped loads were simulated without the
%agz“_l_,)c? Csm e battery banks and PV been connected to the network

T

D
us3
el sz Dooos = and resglt fo_r voIt_age spectrum, power flow andltot
ac wovE c harmonics distortion were observed.
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b) The DC lumped loads were simulated with the
battery banks and roof PV been connected to the
network while the supply to the network was
disconnected and result for voltage spectrum, power
flow and total harmonics distortion were observed.

Fig. 2: E’I;i)posedMi_VDC distribution network withioramercial buildings V. LVDC DISTRIBUTION NETWORK ANALYSIS
B. Smulation method using ETAP The two scenarios above were evaluated. Basedhen
ETAP DC and harmonic load flow simulations carraad, it
LVDC distribution network was simulated with andS evident that the DC load behaviour on the preddsvDC
without the battery banks and PV system using ETAe distribution network provides more accurate infotiowa
assumptions for simulating the DC lump loads withd a regarding the LVDC feeder voltage drops and togahionic
without the battery banks and PV system are asvist] distortions on the AC side of the network dependimgthe
harmonic order.
 The DC lump loads are an aggregated load within
the building such as small power and lighting\ Test Case 1: DC lumped loads are connected to the
loads. distribution network and power flowing from the secondary
« The load was modelled as 8 number lump log#ibstation to DC loads.
totalling970kW at various points along the LVDC

network. In this test case a DC lumped load of 970kW is ected to
« Balanced three phase load was assumdte proposed network. The PVs and Battery banksnate
throughout the studies. connected. As the distribution load of 970kW israise for

voltage drop, power flow and total harmonics distors.
The model was simulated using ETAP software package
[13]. ETAP uses the Newton Raphson, Adaptive NewtonC. Test Case 2: Power failure or load shedding initiated
Raphson and Accelerated Gauss Seidel algorithrolve she by the network operator was assumed.



In this test case, DC lumped loads are connecteth¢o
proposed LVDC network, while assuming a power failar
load shedding scenario initiated by the networkratme to
help balance the system when it needed. Here, dlfterp
bank and PVs are connected while the network supgly
disconnected to investigate whether the batterykdaand
installed PVs will provide enough power to the prepd
LVDC network load. On performing simulations foethvo
different test cases, two cases are discussed below

(i) The voltage waveform obtained at the final AQsh
where LVDC being interfaced through the AC-DC camtenes
illustrated in Fig. 3 below.

AC Side Voltage Waveform

- Bus! (1L00KT} - Bus? (040K}

Voltage (%)

-100.

-150

Time (Cycle)
Fig.3: Voltage waveform when the DC Lumped loadsamnected

The observation is also made for the current harcson
waveform at the transformer as illustrated in Fiddére the
third harmonic does not exist because the linér®oltages
are the phasor difference between the line to akutitages
and they are suppressed.

Current Waveform Through T1

Crrrent (%)

&

-100-

Time (Cyciz)
Fig. 4: Current waveform at the transformer asltesithe LVDC network

The above results are obtained when the DC ldnhpeds
are connected to the LVDC distribution network drang
supplied through the grid. The voltage distortierA& bus2
within the secondary substation is shown in Table 1

TABLE 1: CHANGE OF THD IN VOLTAGE (THR)
Bus ID Voltage (kV) THD, (%)
2 0.4 5.93
In the IEEE recommendations for harmonic distogi¢i4],
the total harmonic distortion in voltage can bexaltd up to
5% when the voltage levels at the point of commompting

(PCC) arelkV < V < 69kV. From Table 1, it can be clearly
observed that the THDv exceeds the IEEE recommended
limit at bus 2 where the AC-DC is interfaced withet
converter. The current waveform through T1 is shawRig.

4; it is distorted as it has individual harmonistdition in
current (IHQ) of 11.72%, this again exceeds the
recommended limit of 10%. Therefore, it is recomdezhto
implement harmonic filters at this level to mitigaboth
voltage and current distortion for the LVDC netwoikhe
load flow result of the DC section and analysis dstream
the AC system examined while the LVDC network isnge
connected to the AC grid is discussed below. Initand a
scenario where power outages or load sheddingitiadti by
the network operator is further discussed belowe Tdad
flow result of the DC section is shown in tablesl gnaphs. It
should be noted that two scenarios of the simuiati@sults
reveal identical results and as such only the tésuthe first
scenario has been presented here.
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(ii) The results obtained when PVs and battery bam&ing
switched while the network supply to the proposa«DC

network being switched off to the distribution netl are
identical with the result obtained in (i) and tHere has not
been illustrated here.

It can also be concluded that low voltage DC distiibn
within buildings and emerging technologies towaddmestic
energy storage and electric vehicle battery chgrgill
support ageing distribution networks, the storageiaks can
be used to support the network when required. Eugtudy
might be to investigate the transient responsed\WDC
It is evident that if batteries are sized COl‘reClIH}e DC loads network within bu||d|ngs and LVDC natural phenomdhat
can be supplied during power failure or load shegldiwould have impact on the behaviour of AC-DC systemns
initiated by the network Opel'atOI’ without the d'[ﬂI'(]n of the LVDC System there are many sensitive devices bamsed

building operation for an agreed time. Results fa0 power electronics which have their own direct intpa the
scenarios were obtained, one was to examine the @.VIharacteristics of LVDC faults profile. This need be

network behaviour while connected to the AC gridi ahe jnyestigated and well understood in order to ftatiti the
other is to examine the LVDC network while it |S|ri@fed LVDC network Operation and management within bum

using battery banks. Results obtained have revesitadar
result in terms of power losses, voltage drop antiage
magnitude along the LVDC network. Results obtairedkal
that, as this is a radial distribution network theses which
lie far away from the main radial feeder source the most
affected. This is generally true with exceptionenfibedded

generation connected downstream the LVDC networkreh

power flows does not only flow from the radial feednain
source, but power is also being generated closectd buses
within the LVDC network. Based on the analysisisitclear
that the low voltage DC distribution within buildjrhas many
benefits such as (i) minimizing power loss, (ii}dueing

energy usage and consequently energy savings whi%iu

eventually reduce the consumers’ electricity bitidathe
carbon footprint and (iii) improve the power qualivhile
ensuring the economic feasibility. Results obtaireve
revealed that if the battery banks are sized ctiyrélee DC
loads can be supplied without disruption for a gitiene, the
battery banks are to be sized to suit the agretjedime.

VI. CONCLUSION

In these studies, a low voltage DC model has baatlysed
and an optimal network of low voltage DC distrilmutiwithin
buildings has been proposed considering the naniityeof

AC/DC conversion. At the high-voltage to low-voleag

secondary substation it is recommended that haaditiers
are implemented to eliminate harmonics within tlystem.
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