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Abstract—Since the 80s huge efforts have been made toautiliz Among others issues this includes micro sourcetritat
renewable energy sources to generate electric powes paper modelling, power system LV operational impact assly
reports some aspects o_f integration of the disﬁe’:ﬂ)lggnerators into monitoring control, power quality and network réfiiy,
:jr;set:%"l"n‘é%“ag:ngg{(‘ﬁg“g’r‘] nfﬁlvofléﬁagﬂssisﬁjgg"f:ﬁaf,toﬁfagf protection co-ordination and personal safety, comigations,
network is performed. Results obtained from caseysusing low Qconompal_ _and elect!’lcal market_ driven procedusesl
voltage network, are presented and discussed. finally definition of new interconnection standards

Various investigations showed that DGs integratetb i
Keywords—low voltage network, distributed generation, utilities’ DNs could affect the host DNs in numbei ways
reliability indices [1]+[20]. Several papers reported the integratiepests of
small DGs into the low voltage (LV) distributiontmerk [3],
. INTRODUCTION [4], [7]. [8], and [9]. The experience has showrattlihe
I N the last 20 years the power system industry wieesan integration of small DGs into DNs could create safand
important change in the conventional centralisedgigm technical problems. They may contribute to faultrents,
of operation as a result of a large scale integmatof produce voltage flickers, interfere with the praces voltage
distributed generation (DG) either at the mediunitage control, increase losses, deteriorate reliabilityttee system
(MV) or at the low voltage (LV) distribution leveln the last etc.
years this change became perceptible mainly duehéo The objective of this study is an assessment oifmipact of
connection of large amount of generators at the Isi¢l. In  the DGs on the reliability indices of the LV netkowith
the years to come such a scenario is also goifmppen in small scale DGs. Results obtained from several stsdies
LV grids through the interconnection of small maatul using real-life LV, are presented and discussed.
generation sources forming a new type of poweresysthe The paper is organised as follows: Section Il dbssrthe
MicroGrid. The MicroGrids can be connected to thaim Mmethodology applied for reliability assessment bé tLV

isolated from the power grid. the test network is given, whereas in Section ¥ figsults of

In terms of currently available technologies, thécrm Various simulations with/without DGs are presentedd

generation systems can include several types dteeas fuel discussed. Conclusions are given in the section V.
cells, renewable generation as wind turbines orsigstems,
micro turbines powered by natural gas or biofudise of the Il. BACKGROUND
most promising applications of this new conceptresponds  One of the integration aspects of small DGs inte ithw
to the combined heat and power (CHP) applicatieasiihg to  yoltage (LV) distribution network is reliability afysis. The
an increase of the overall energy effectivenesthefwhole |oad point reliability study includes the followitmsic indices
system. for each customer in the system: Mean time betvfaiure
New scenario of operation requires the developn®nt (MTBF), Failure rate, Mean time to failure (MTTRnnual
app“ed I’eseaI‘Ch at Several IeVelS to beneﬂt fl‘dn’ﬂ Outage t|me (tota| hours Of downtime per year)’ M
capabilities that these devices offer and develtfitient oytage time (MTTR), Annual availability, Expectedeegy
strategies to manage the MicroGrids. not supplied per year (EENS), and Total damageinds$ per
year due to failures (ECOST).
The system reliability indices, based on the basitices
are: System Average Interruption Frequency IndeXIKg
(interruptions/customer-yr), System Average Intptian
Duration Index (SAIDI) (hours/ customers-yr), Cusgr
Average Interruption Duration Index (CAIDI) (hr/d¢oser
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Vilaa Puping 16, 21106 Nov Sad. Serbia: rade@venodnagovre, ~Verage  Service Un-Availabiliy Index ASUI [11]. To
phone + 381 21 487 4636. calculate the load point reliability indices as he$ system
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Electrical Engineering, Bulevar kralja Aleksandf 71120 Belgrade, Serbia, for each component including DG units have to bavkm
rajakovic@etf.bg.ac.rs

1285



International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:3, No:6, 2009

Ill. TESTNETWORK given in TABLE Il. The loading system as well aseth

Test network is a 0.4 kV real-life cable feedersisting of lgerljgrat(_)n l%lgpku\t/ A'S tht;]ee-pth ase balz;mcte d. Tzeozls;bm
9 buses, 13 residential loads, 16 protection dev\ic¥ switch oading IS » With unity power factor an Ing

355-1000 A, 100 kA, in the substation and fusethinbases), factor, simulating night loading of the system, @rhienables

as well as 7 small synchronous DGs of CHP typealTfeeder power expor.t of C.HP upits to the grid. Reliabildta Of. the
length is 311 m. Fig. 1. Loading data are giveTABLE | test system including utility, DGs, loads and cabkare given

while network data including utility and DG contuiiion are in TABLEIII.
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Fig. 1 Active low voltage distribution network.
TABLE Il
SYSTEM DATA
Utility
TABLE | Three phase contribution : 100 MVA, X/R=8.0
THREE-PHASE SYSTEM LOADING Line to earth contribution: 25 MVA, X/R=8.0 )
Load Name Bus name Load (KVA) Load type Positive sequence impedance (100 MVA base) = 0+1j2L99 pu
Load 0001 BUS 0001 20 heat unity Z(iro seq. impedance (100 MVA base) = 0.2481 +§ p9
12 general loads, \Si;r::.c%?oell:)us Generator
Load 0002 BUS 0001 rectifier unit .
Load 0003 BUS 0002 12 general loads Rated Voltage 380 V, power factor 0.9 lead, 1500, Bonnectrion:
general loads, wye :jgrounéi, Xd= XaP=X0 =
Load 0004 | BUS 0002 10 rectifier unit Impedance data: Xd"= Xq'=Xo = 0.1500 pu,
Load 0005 | BUS 0003 10 neral load rq = ro = 0.0100 pu,
oa ge e”a ‘?ja S IEC 61363 Data: Xd'=0.2900, Xd=2.75, Ra=0.0072 pu;
general loads Td"= 26 ms, Td' = 420 ms, Tdc=93 ms
Load 0006 BUS 0004 14 Steady state AC Decay Specification:
general loads, Neutral impedance: (0 + j 0) Ohms, Excitation lsnit.3, Xdsat=1.60
Load 0007 BUS 0004 15 rectifier unit pu, Vg=1.00 pu
Load 0008 BUS 0005 18 general loads Cables
general loads, Cooper, PVC Insulation, size 4 x 95 mm2,
Load 0009 BUS 0006 10 rectifier unit Rated current 215 A;
general loads, Z./ Z-=(0.2431 +j0.0771) Ohms / 1000 m;
Load 0010 BUS 0006 14 rectifier unit Z0 = (0.3865 +j 0.1959) Ohms / 1000 m;
Load 0013 BUS 0007 15 lighting unit
Load 0014 BUS 0007 9 lighting unit
Load 0015 BUS 0008 8 general loads
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TABLE Il

RELIABILITY DATA
Utility Reliability Data
Type of circuit
Permanent failure rate
Restoration time
DG Reliability Data
Failure rate
Restoration time
Load Reliability Data

IEEE single circuit
1.9560 failure/year
1.32 hours

0.0135 failure/year
478 hours

Failure rate 0.9 failure/year
Repair time 0.9 hours
Replace time 2.0 hours

Cable Reliability Data
Permanent failure rate
Repair time

Switching time

0.08760 failure/year/km
7.6 hours
0.5 hours

IV. APPLICATION

observed, see TABLE V. The overall system perforrean
indices such as DG contribution, max voltage drayal
system losses and feeder current reserve, are tigatesl.
Obtained optimal DG commitment was in range of Z0:1
0.23) of total rated DG power, according to theeabye
function (minimizing generator cost).

The reliability study was firstly performed in thmetwork
with 7 DGs (10 kVA each) and the following indicesre
obtained: EENS=1629.25  kWhl/year, SAIFI=8.0388
interruptions/customer-year, SAIDI=9.77 hr/custosagear),
CAIDI =1.21 hr/customer interruption, ASAI=0.99888&nd
ASUI=0.001115. Obviously, all reliability indices rea
deteriorated. The reliability study was then repdain the
system with seven DGs (80 kVA each) and the resaés
presented in TABLE VI. Expected Energy Not Supplied
(EENS) in such a system is 16.6 kWh/year, whicB5gimes

For the purpose of assessment how DGs affect thetter indices comparing to the passive networkt three of

reliability of a typical three-phase cable LV netWoseveral
case studies are performed. In the first set ofikitions, the
network is treated as passive one, without DG, evhil the
second set, the network is considered as an aoctweork,
consisting of various numbers of DGs with differeated
power. Special consideration was given to the etalo of
the performance of the local system after the fawlthe
substation was detected and isolated. In such e tb@sDGs
supply the loads in the so called “island operdtion

Firstly, load demand analysis, three-phase povesv #nd
device evaluation calculation in the passive nekware
performed. The simulation showed that there were
violations considering max voltage drop, cable ngti
protection device coordination and arc flash priddec The
first objective was to calculate load point relidapiindices of
the passive network, including Medium Time Beforaule

DGs (80 kVA each) significantly improved the EENStloe
network (EENS=922.86 kWh/year). As it was expected,
connecting 3 DGs (G1, G2 and G3) contribute to oupment
of load point reliability indices in the first hatff the feeder.
However it was not expected to have deterioratdidhitity
indices in the rest part of the feeder, TABLE VII.

Special consideration in the reliability study wgisen to
the local active network in island operation, aftes fault in
substation was detected and isolated. The simuolatfows
that major system performances during the islanerain
(voltage drop and section currents) were inside $f&tem
fionits. Besides, protection device evaluation shbwhat
operation of such a local network is safe (protecti
coordination and arc flash evaluation test havegds Under
these circumstances, seven DGs (30 kVA) in operdteep
the EENS of the system very low (258,15 kWh/yea)jle

(MTBF), Failure Rate, Average Outage Time (MTTR)four DGs (80 kVA) contribute to also very low engrgot
Annual Outage Time, Annual Availability, and Expedt supplied EENS (311.5 kWh/year), TABLE VII.

Energy Not Supplied (EENS). Results of reliabiktydy are

Obviously, the proper placement and rated poweD@G6

presented in the TABLE IV. Calculated indices ie thassive can improve the reliability indices in the netwaken in the

network are: EENS=1409.16 kWh/year,
interruptions/customer-yr, SAIDI=8.45 hr/customgesr),
CAIDI =1.17 hr/customer interruption, ASAI=0.999Q3&nd
ASUI=0.000964.

In the next study the number of DGs and their rateaer
were varied and the impact on the reliability irdicwas

SAIFI=7.2026emergency regime (island operation). On the otlukr, $arge

number of DGs with relatively small power contriiomt can
deteriorate overall reliability indices. That isrye@mportant
conclusion since one of the ambitions of the massiv
penetration of DGs in the LV network is improvirtgetoverall
system reliability.
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TABLE IV
RELIABILITY ANALYSIS IN THE PASSIVE NETWORK (EENS=1409.1&WH/YR)
MTTR Annual | Annual EENS
Failure Average | Outage | Availability | (kWh/yr)
Load MTBF Rate Outage Time (%)
(yr) (flyr) Time (hrlyr)

(hrlyr)
Load 0001 | 0.5106 1.959 1.32 2.58 99.97051 51.67
Load 0002 | 0.5106 1.959 1.32 2.58 99.97051 31.00
Load 0003 | 0.2729 3.666 1.20 4.40 99.94973% 61.65
Load 0004 | 0.2729 3.666 1.20 4.40 99.94973 44.03
Load 0005 | 0.1863 5.372 1.16 6.22 99.9289¢ 62.23
Load 0006 | 0.1414 7.078 1.14 8.04 99.90827 112.50
Load 0007 | 0.1414 7.078 1.14 8.04 99.90827 120.54
Load 0008 | 0.1147 8.730 1.06 9.21 99.8948] 165.86
Load 0009 | 0.0960 10.435 1.21 12.67 99.85541 126.66
Load 0010 | 0.0960 10.435 1.21 12.67 99.85541 177.32
Load 0013 | 0.0864 11.593 1.19 13.83  99.84217Y 207.39
Load 0014 | 0.0864 11.593 1.19 13.83  99.8421y 124.43
Load 0015 | 0.0753 13.300 1.16 15.48 99.82324 128.87

TABLE V

DG COMMITMENT IN THE ACTIVE NETWORK

DG rated power § raed(KVA) 7 x10 7 x30 7 x 80
DG power output § (kVA) 16.2 25.7 79.2
Soc / SoG rated 0.23 0.12 0.14
Utility power output (KW, kVAr) 152.6 /-10.0 143/68.3 93.1/-26.0
TABLE VI
RELIABILITY ANALYSIS IN THE NETWORK WITH 7 DGS (80KVA); TOTAL EENS=16.6(KWH/YR.
Load MTBF (yr) Failure MTTR Annual Annual EENS
Rate Average Outage Availability (KWh/yr)
(flyr) Outage Time (%)
Time (hriyr)
(hrlyr)

Load 0001 279.7883 0.004 0.57 0.00 99.9999 0.04
Load 0002 279.8717 0.004 0.57 0.00 99.9999 0.02
Load 0003 18.6534 0.054 2.59 0.14 99.9984 1.94
Load 0004 18.6534 0.054 2.59 0.14 99.9984 1.39
Load 0005 18.6545 0.054 2.59 0.14 99.9984 1.39
Load 0006 18.6549 0.054 2.59 0.14 99.9984 1.94
Load 0007 18.6549 0.054 2.59 0.14 99.9984 2.08
Load 0008 18.6549 0.054 0.50 0.00 99.9999 0.01
Load 0009 18.6554 0.054 2.59 0.14 99.9984 1.39
Load 0010 18.6564 0.054 2.59 0.14 99.9984 1.94
Load 0013 18.6554 0.054 2.59 0.14 99.9984 2.08
Load 0014 18.6564 0.054 2.59 0.14 99.9984 1.25
Load 0015 17.0989 0.058 2.53 0.15 99.9984 1.18
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TABLE VII
EXPECTEDENERGY NOT SUPPLIED
Regime

Passive Active Active Active network | Island operation| Island
Load network network network (G1,G2,G3) G1,G3,G5,G7 | operation

(No DG) G1+ G7 G1+G7 3x80 4x80 G1+G7

7x10 7x80 kVA kVA 7 x30
kVA kVA kVA
ENS (kWh/yr)

Load 0001 51.67 67.87 0.04 0.04 151.55 151.55
Load 0002 31.00 43.00 0.02 0.02 93.15 93.15
Load 0003 61.65 61.6%5 1.94 1.94 2.01 2.01
Load 0004 44.03 64.0. 1.39 1.39 1.44 1.44
Load 0005 62.23 78.28 1.39 1.3 1.39 1.39
Load 0006 112.5Q 137.70 1.94 2.06 1.94 1.94
Load 0007 120.54 134.04 2.0§ 2.21 2.08 2.08

Passive Active Active Active network | Island operation| Island

network network network (G1,G62,G3) G1,G3,G5,G7 | operation
TABLE (No DG) Gl+G7 Gl +G7 3x80 4 x80 Gl+ G7
Vil 7x10 7 x80 kVA kVA 7 x30
continued kVA kVA kVA

EENS (KWh/yr)

Load 0008 165.86 201.8p 0.0( 0.15 0.21 0.0
Load 0009 126.66 153.66 1.39 160.35 1.55 2.08
Load 0010 177.32 215.1p 1.94 224.50 2.17 1.94
Load 0013 207.39 219.54 2.08 229.58 2.29 2.08
Load 0014 124.43 128.08 1.25 134.06 1.39 1.25
Load 0015 123.87 124.26 1.19 165.16 50.42 1.18
Total 1409.16 1629.25 16.60 922.46 311.58 258|115

V. CONCLUSIONS

The development of MicroGrids is very promising foe
electric power industry considering environmentgleration,
investment, power quality and market driven isstiEsvever,
the development of MicroGrids still faces sevetadltenges,
difficulties and potential drawbacks.

This paper reports reliability aspect of integratiof the
DGs into the LV distribution networks. The studyosls that
optimal placement and rated power of the DGs cagorare
the reliability indices of the LV network even irhet
emergency regime (island operation). On the otlusr, darge
number of DGs with relatively small power contrilout can
deteriorate overall reliability indices. That is portant

[4]

(5]

(6]

[7]

(8]

conclusion since one of the ambitions of the massiv

penetration of DGs in the LV network is improvirdgetoverall
system reliability.The real challenge for the f@tumassive
integration of the DGs into the LV distribution netrk will
be developing a reliable and efficient MicroGrid hgement
System integrated with D-SCADA. Besides
economical analysis of the MicroGrids, showing Hemefits
to the system reliability is needed.
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