creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

9 =B

o}
of

4 A

3 &}
5}

o

A A

2

g

L:

2023

A Al E



F 8 A Y e R

]
i

o

-
E
1

Tor

o
Ho
ol
g
HJ

2

g

2023

A Al



20 1
23
Lﬂ 7Q
2'%_‘1
1
E]

0

NH

-
_70

)



Hr

L1 Q1T M oveerermseemmeesnees ettt

1.2 9+ &

292 }I\jﬁg ﬂ:rL

|o
o

B/

=
e
wr

3

X

o

-

15

¢

Ton

N

Hr

or

i
N

W
</

X

16

17

17

18

18

< = N
ol

shA e A

3.2.7 F

19



4.1 A B O]AL A E] o 23
4.2 AN B O)AL T e 26
4.3 VOLLjﬂr CDF= x%%{s} ;g;ﬂjq ‘5H]:]]_%_ -‘E—Z\j, ..................................... 32
B, Z B 41



Figures

Fig. 1 Power outage causes for 140 worldwide outage data from 1965

£0 201D, wereererrerermsnrtsent s 1
Fig. 2 Radial Distribution SYStem, «eseeessseeessereesememssmmisesisisseisseinnnes 2
Fig. 3 Resiliency framework proposed by NIAC. wwesreemmreumisceeennnns. 5
Fig. 4 The Resilience Trangle, - s cwessccesssieciivmnsemmsismmmssseemsnsseonsness ]
Fig. 5 The Resilience trapezoid, - - wwsssereesiemssissisusmiisenemssssenssnssonsness ]
Fig. 6 The Resilienice CufVe, sttt oo cennesidesiivni b, 9
Fig. 7 Illustrative process of a resilient power system through
disruption. bt N Rttt . Y. ... L 10
Fig. 8 Distribution System multiple FAults, - sesermmmmiommcmneeens 13
Fig. 9 Graph of GDF Bl wissseeessestenseersanri e 2 @Bt 19
Fig. 10 Outage cost as a fUNCon Of AUIALION, - - ereesseremsssreumsnnceeees 20
Fig. 11 Outage cost as a function of 10St 10ad. - wwwsseeessseeeesseseummnceunes 29
Fig. 12 IEEE 33-Bus System Data, - eeesseeeessseeummssesimmssssiessssseneens 2
Fig. 13 TEEE 33-BUS SYSEML wvereeesseeemsssesesmssssemssesssssssemsssssssssssosssssoness o5
Fig. 14 Percentage of Load ReSTOration, - s wwsssreemssrsimmmmsesuesseesunens 29
Fig. 15 Power flow of each line according to the restoration strategy.31
Fig. 16 Apply restoration scheduling. Method 4. - wsseeessseeessseseimnenenes 34



Fig. 17 Load Shedding amount for the duration of a power outage of
eaCh buS — MethOd 4A ..................................................................................... 36
Fig. 18 Load Shedding amount for the duration of a power outage of

eaCh bUS - MethOd 4B ...................................................................................... 37

_iV_



Tables

Table 1 Typical examples of power outages due to extreme weather. =+« 2
Table 2 Reliahility vs ReSilience, s w-ssereessssscesmssseersussnsiesissscnsisssssenneess 6
Table 3 The GAEIT ReSiience Metric, - -wwwsrreesesseesesessssmsssasssssssssssssssnsaneas 7
Table 4 Load Restoration Strategies, - wssreremmsscrrremissiessisinseeseen 12
Table 5 Example of outage cost applying VoLL and CDE. «+-eeeeeeeeeeeeeseeeseeennes 21
Table 6 Active power generation of main grid and DG - Method 2. -++e-eeeee 26
Table 7 Load Supply through Grid Reconfiguration - Method 3. «+eeseeeeeeeeseee 27
Table 8 Active power generation of main grid and DG, «-ws-sseerseesserssessesserens 28
Table 9 Result for Load Restoration for the IEEE 33-Bus System. ---«=-=-====== 29

Table 10 Load Shedding amount of each bus according to the restoration

Stlategy ...................................................................................................................... 30
Table 11 Restore SChedlﬂlrlg ................................................................................ 32
Table 12 CDF cost according to the duration of power outage. ==-=-=--=====s==s= 33

Table 13 Outage cost of method 4 according to the Restoration scheduling. -+ 35

Table 14 Outage cost of Bus 32 according to the restoration scheduling -

Table 15 Outage cost of Load Restoration Strategies according to the

SCheduhng - TIEEE 33-Bus SyStem ....................................................................... 39



A study on power outage cost analysis according to distribution system

resilience and restoration strategies.

Sehun Seo

Department of Safety Engineering, Graduate School
Pukyong National University

Abstract
Severe natural disasters and man-made attacks such as terrorism are causing
unprecedented disruptions in power systems. Due to rapid climate change and
the aging of energy infrastructure, both the frequency of failure and the level
of damage are expected to increase. Resilience is a concept proposed to
respond to extreme disaster events that have a low probability of occurrence
but cause enormous damage and is defined as the ability of a system to
recover to its original function after a disaster. Resilience is a comprehensive
indicator that can include system performance before and after a disaster and
focuses on preparing for all possible disaster scenarios and having quick and
efficient recovery actions after an incident. Various studies have been
conducted to evaluate resilience, but studies on economic damage considering
the duration of a power outage are scarce. In this study, we propose an
optimal algorithm that can identify failures after an extreme disaster and
restore the load on the distribution system through emergency distributed
power generation input and system reconfiguration. After that, the cost of
power outage damage is analyzed by applying VolLL and CDF according to

each restoration strategy.
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Fig. 1. Power outage causes for 140 worldwide
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Table 1. Typical examples of power outages due to extreme
weather?,
Approx.
Country Date Customer affected Reason
( Million )
arﬁr%eﬂlgrﬁiy 16 June 2019 40.0 Heavy rainfall
Philippines 15 July 2014 13.0 f Lyphoon
. A severe
Sri Lanka 3 March 2016 10.0 thunderstorm
Super storm
USA 29 October 2012 8.0 Sandy
USA 27 August 2011 6.5 Hurricane Irene
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Fig. 3. Resiliency framework proposed by NIAC®?.
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Table 2. Reliability vs Resilience.

Reliability Resilience

High probability, low impact

Static

Evaluates the power system states

Concerned with customer
interruption time

Low probability, high impact

Adaptive, ongoing, short and long
term

Evaluates the power system states
and transition times between states

Concerned with customer
interruption time and the
infrastructure recovery time
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Table 3. The ®AEII Resilience Metric System.

Phase State Resilience Metric Symbol
How fast resilience drops ? d
I Disturbance progress
How low resilience drops ? A
I Post-disturbance How extensive is the E
degraded post-disturbance degraded state ?
I Restorative How promptly does the network n

recover ?




Resilience
Indicator (%)

X
o
o

50

Resilience indicator (%)

>

100 ————————————-
Resilience
Triangle Y
50 -
A Z Time
Fig. 4. The Resilience Triangle?.
1 Infrastructure resilience = — — — Operational resilience
Phase I Phase II Phase II1
Pre-disturbance Di; c;. e istPO;t-r . Restorative Post-restoration
resilient state ogress .. r:%“ﬁ state state
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to toe fee tor tir Tor Tir

Time

Fig. 5. The Resilience trapezoid'?.
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z;f_
A Awet B9 X BE B4 B S Bage

o gt} & =ol A= Tie-SwitchE &3 AF A4 R °A

4 7] (Distributed  Generator) £ 7Fdste]l F 4704 Wyo=z 5

A2k S9stR 0w, Table 49 thehieh w3, 29 Aere) me 23
Ao vlastel Bee $E¢ FYststag k.
Table 4. Load Restoration Strategies.
Method Strategies
Method 1 System has no Tie-Switch and no DG
Method 2 System has no Tie-Switches but have DG
Method 3 System has Tie-Switches but no DG
Method 4 System has Tie-Switch and DG
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Fig. 8. Distribution System multiple faults.
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VoLL¥ CDFe| AAduafiu]g&2 2 (13)% (1H)E A&t AL
Atk AA71A Load Shedding(t) & 74 Alxe] w& Fapabdars e A,
e oAM= 50MW= AAstdtt. VoLL¥ CDF A #H]&2 o] Hd 9
Fig. 100 vebdl H]-&= 283}

Costy,p; = Y, LoadShedding(t) X VoLL
=1

Cost opp = ZLoadShedding(t) X CDF (Duration)
=1

Table 5% VoLL3 CDFE& A#afe Ausau e Ave 298 o

BRATh Costy,,, = 4 A Folxtd el A" VolLe %83t 4

Table 5. Example of outage cost applying VoLL and CDF.

Outage

Duration VoLL CDF

1 hour  50MW x STO/MW = $ 3500 50MW x $20.74/MW = $ 1,487
2 hour  5OMW x $70/MW = $ 3500  50MW x S4LOA/MW = $ 2,052
3 hour  5OMW x $70/MW = $ 3500  50MW x S58.84/MW = $ 2,942
4 hour  50MW x $70/MW = $ 3500  50MW x $79.25/MW = $ 3,962
5 hour  50MW x $70/MW = $ 3500  50MW x $99.46/MW = $ 4,973
6% hour  SOMW x $70/MW = $ 3500 S0MW x $117.68/MW = $ 5884

Lol $ 21,000 $ 21,300
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E3te] Yetdh 2 Aol g FsleE S0MW=E A AA A

A7 B 300MWe] a7t EAH AT Costyy & VOLLE AR A %A 70

1y

-

I dAglol ¥ VoLL= AHEsh7] wiwol, A A&HAIZto] S7beEdse
= Jejul o] dgHor S7ken shA Al Aol EASHH  Costeyy
b ol Mepul e MAFH o Zobst], P ALAL FHREE 7
3 7 T3 FUhe
25000
——CDF Cost Curve -~ ——VolL Cost Curve
20000
our =: 50%70%5 = §17,500
- 15000 SspOur : $10,443 + 50°99.46 = $15,416
ot
3 3st hour = : 50*70%3 = $10,500
o 10000 i 4st hour : $6,481 + 50*79.25 = $10,443
1st hour = : 50* 70 = $3,500 3st hour : $3,539 + 50°58.84 = $6,481
5000
2st hour : $1,487+ 50*41.04 = $3,539
1st hour: 50%29.74 = $1,487
0

50 100 150 200 250 300

Cumulative Dropped Load (MW)

Fig. 11. Outage cost as a function of lost load.
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A4 ANAT L AHEA

AT Ad 2 ol wiHAE 59y &R AE 9ol IEEE 3

To® Abgstlen, 2ol AlEe] dHolH+ Fig.

12¢] YetdliAe. AA Fah= 3.715MW+2.3Mvare|®, 7 Busel A A Rs}
2

29l Bahu FEaT At B9, 240 Bgyo ool

|

F3F ol sdsA ¥k g etk ZF Bus Main Gri
of & FFLE F don, A-Fo e Tie-Switch ¥ H|G&

Ak 7] (Distributed Generator)”7F ZH2y 5702 A X & o] Qi) ZF A 2

o>’

2 Qlste] 5rllel A=E(L5, L8, L15, L22, L29)o] Agto] WAstF om, 11
4 A olF 2 Bust ¥ebawol WUtk Ady Rotg B 9
shel Table 4¢] “bERA %9 A Agsarh 2 B9 o] wE %
A% 52 FYHo wwsy] dstel A, HRPu S 1
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Resistance Reactance Flowlimit Real Load Reactive

Branch.Ho From bus To bus pover  Load power
R [pu] £ [Pu] [MYA] PMW] amw]
L1 1 p 0.00058 0.00029 100 0.1 0.06
L2 2 3 000308 0.00157 R0 0.09 0.04
L3 3 4 01.00228 0.0o11g R0 0.1z 0.08
L4 4 b 0.00238 0.00121 R0 0.06 0.03
L5 b G 0.06511 0.00441 R0 0.06 0.0z
L ki 7 0.00117 0. 00336 R0 n.z 0.1
L7 7 3 0.00444 0.00147 R0 n.z 0.1
LB 8 9 0.00643 0.00462 R0 0.06 0.0z
L9 9 10 0. 00651 0.00462 i 0.06 0.0z
Lin 10 11 0.00123 0. 00041 R0 0.045 0.03
L1 1 12 0.00234 0.00077 R0 0.06 0035
L1z 12 13 0.00916 0.00721 R0 0.06 .03
L3 13 14 [1.00338 0.00445 I 0.1z 0.08
L4 14 15 0.00369 0.00328 R0 0.06 0.01
L1& 15 16 [).004566 00034 RO 0.06 0.0z
LIE 16 17 0.00804 0.01074 R0 0.06 0.0z
L17 17 18 01.00457 0. 00358 R0 0.09 0.04
Lig 2 19 0.00102 0.00098 R0 0.09 0.04
L1g 19 20 [.00939 0. 00246 I 0.09 0.04
L2 20 21 1. 00255 0. 00298 R0 0.09 0.04
LZ1 21 22 0.00442 0.00535 R0 0.09 0.04
Lzz 3 23 0.00252 0.00192 R0 0.09 0.05
L3 23 24 0. 0056 0.00442 R0 0.42 n.z
L24 24 25 0.00559 0.00437 R0 0.4z n.z
LZh G 26 n.00m2? 0. 00065 A0 0.06 0.0z5
L2 26 27 0.00177 [.0009 50 0.06 0.0z
L7 27 2 (1. 00661 0. 00583 R0 0.08 0.0z
L2a 28 29 0.00502 0.00437 R0 0.1z 0.07
L29 29 30 0.00317 0.00161 R0 n.z 0.6
L3 a0 H (1. 00RO 0. (0601 R0 0.15 0.07
L3l ) 32 0.00154 0.00226 R0 0.21 0.1
L3z 32 33 0.00213 0.00331 R0 0.06 0.04
L33 22 12 0.01248 0.01248 0.5 - -
L34 18 33 0.00312 0.00312 0.5 - -
L3k 2h 29 0.00312 0.00312 0.5 - -
L3 22 a 0.01248 0.01248 0.5 - -
L37 9 15 0.01248 0.01248 0.5 - -

Fig. 12. IEEE 33-Bus System Data.
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42 ANEH A A

Ado =z ste] 5719 2hI(L5, L8, L15, L22, L29)o] Agte] A3t
ok Agto® <lste] Main Gridst 449 1, 2, 3, 4, 5, 19, 20, 21, 22 Bus
2 A9e UmA Bust FatE THwA Eabn, Raixide] wAwt)
Z7lel Ed9 Fahe 2986MW= dAl &4 Fate] 80.35%7F £ E
o AtdE FsE Hdaty] f1ske] Table 4o vebd 474e] S WS

Aol BapATAS Muwsg

l

E9 A= Method 12 DG Tie-SwitchE AR&atA] eFom, F7F4<l
Y Z2A7F o] FAR A v wehA Main GrideF 129 1, 2, 3, 4, 5

19, 20, 21, 22 Bus%t 35 TH®S 4 den, UmX Bust Fshaid
o] WSt} Main GridZ%F-H FdF%E H3te 4 0.73MW= d4
ake] 19.65%% T H Uk

Method 2% DGE AHg3le] R385 B3t AlE el 5719 DG7F A
A=l o, Z DGZF ¥ e Ao ¢ 0.3MVAo|t}h Table
62 Method 22] Main Grid ¥ DG F-3& ¥ %S e,

32

Table 6. Active power generation of main grid and DG - Method 2.

Bus No. Category Load Supply
1 Main Grid 0.73MW
6 DG 0.3 MW
18 DG 0.21 MW
21 DG
24 DG 0.3 MW
30 DG 0.3 MW
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peleis oﬂ o]
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FS Wk ¢k Bus(l, 2, 3, 4, 5, 19, 20, 21, 22)¥ Main Grid
£ F3l9 0.73MW(19.65%)2] #3535 Fawetl o]% ZF Busol AA¥

0

Bus 6, 24, 300 AA¥ DG+ 7 Hd 2d &< 0.3MWE] F3tE &+
st} 3FAITE Bus 189 AX¥ DGE 16, 17, 1
IMWe] ¥3&=2 FF3ta vt 0.0OMWe] #3t2 712 338 & IA
gk Az Agto] WA st U E Busdl FotE o w
Bus 219 Ax® DG+ 9 Bus’} Main Gride §3le] ¥315 3%
dom, Hapatdo] wAsA F7] W, DGE 7HssHA =T
Method 32 Tie-SwitchE AF&3to] H-st5 Hdgity AlEe dXx% 5
7Ne] Tie-Switchg& AF&3te] Als Aol o] FoJA ™, Main Grid=+H
e 39S ¢ Atk Table 72 7 SwitchE E3le] TF¥ H319
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Table 7. Load Supply through Grid Reconfiguration - Method 3.

Switch No. Reconfiguration Load Supply
Sw 1 22-12 0.465 MW
Sw 2 9-15 -

Sw 3 22-8 0.5 MW
Sw 4 18-33 -
Sw 5 25-29 0.5 MW

A% A4S Takel Sw 12 9, 10, 11, 12, 13, 14, 15 Busel 0.465M
WS FHdrh =3, Sw 3& F38k] 05MWe Fets FHsta glon,

2E AR AdZ¥ Sw 55 Este] 24, 25 Busell 0.5MWe] Fats o+
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skltt. A9k 18-33 Busell AZ2%¥ Sw 4% L15, L29o] 243 Ao w
stE Al gtk w16, 17, 18, 30, 31, 32, 33 Bust
A &she] Frspaicte] ARG Al AT S Eskel 0.966MWI(25.98%) 9]
FotE HYstdon, Main Gride 1.695MW(45.63%)°] H-3t& 3wkl

i

r
_O|L
2
1z

ﬂl

Method 4+ DG¢t Tie-SwitchE &Aldl AR&sto] H-st& HUgth Ma
in Grid+ Tie-Switchg &3 AT AFH4oE 1.695MWe] Fat& & w3t
3 9le™, Bus 6, 18, 24, 309 AX€ DG+ ZF Hol @d &2 0.3MW
o] Hatg sHete A DG FU R AT AFAHL=A 2166MW(58.2
8%)2] F3E F7tE HJA3t) Table 82 ZF E9 ko] w2 Main

Grid 2 DGO H3 =y RiEd AnE Jedo

—_

Table 8. Active power generation of main grid and DG.

Active power of Generator

Bus No. | " Lategoriigy Method MM Gd'2 Mdthodls/ Method 4
1 Main Grid ~ 073MW  073MW 1695 MW 1695 MW
6 DG - 0.3 MW 3 0.3 MW
18 DG - 021 MW - 0.3 MW
21 DG - - - -
24 DG - 0.3 MW - 0.3 MW
30 DG - 0.3 MW - 0.3 MW
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ig. 140 F3tEY v &S a#=Z2 Jelydh w3 Table 102 7t

Table 9. Result for Load Restoration for the IEEE 33-Bus System.

Percentage of

Strategies ;
Load Supply Load Shedding Load
Method DG SW [MW] [MW] Restoration
[%]
Method 1 N N 0.73 2.985 19.65%
Method 2 Y N 1.84 1.875 49.53%
Method 3 N Y 1.695 2.02 45.63%
Method 4 Y Y 2.895 0.82 77.93%
. Load restored
=
E 2 249 539
° mMethod 1 mMethod 2 mMethod 3 mMethod 4

Fig. 14. Percentage of Load Restoration.
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Table 10. Load Shedding amount of each bus according to the
restoration strategy.
Load Shedding [MW]
Bus No.
Method 1 Method 2 Method 3 Method 4
Bus 1 - - - -
Bus 2 - - - -
Bus 3 - - - -
Bus 4 - - - -
Bus 5 - - - -
Bus 6 0.06 0.06 0.06 0.06
Bus 7 0.2 0.1 0.2 0.1
Bus 8 0.2 = 0.2 -
Bus 9 0.06 0.06 = -
Bus 10 0.06 0.06 r -
Bus 11 0.045 0.045 < -
Bus 12 0.06 0.06 - -
Bus 13 0.06 0.06 & -
Bus 14 0.12 0.12 = -
Bus 15 0.06 0.06 5 -
Bus 16 0.06 - 0.06 0.02
Bus 17 0.06 S 0.06 -
Bus 18 0.09 5 0.09 -
Bus 19 = B pr’ -
Bus 20 = - = -
Bus 21 - 3 3 -
Bus 22 - . - -
Bus 23 0.09 0.09 0.09 0.09
Bus 24 0.42 0.42 - 0.04
Bus 25 0.42 0.12 0.34 -
Bus 26 0.06 0.06 0.06 0.06
Bus 27 0.06 0.06 0.06 0.06
Bus 28 0.06 0.06 0.06 0.06
Bus 29 0.12 0.12 0.12 0.12
Bus 30 0.2 0.11 0.2 -
Bus 31 0.15 0.15 0.15 0.15
Bus 32 0.21 - 0.21 -
Bus 33 0.06 0.06 0.06 0.06
Total 2.985MW 1.875MW 2.02MW 0.82MW
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Line Ho. Method 1 Method 2 Method 3 Method 4

L1 0.73 .73 1.695 1.695
L2 o.z2v 0.2% 0.2% o.zv
L3 o.18 0.18 0.18 0.18
L4 0.06 0.06 0.06 0.06
L5

LB 0.3 -0.3 -0.32
LY 0.2 -0.5 -0.5
L8

L9 -0.06 -0.06
L10 -0.12 -0.12
L1 -0.165 -0.165
L1z 0.24 0.z24
L13 0.18 0.18
L14 0.06 0.06
L15

L1G -0.06

L17? -0.12

L1 0.36 0.36 1.325 1.325
L14 0.2% o.zv 1.235 1.235
L0 0.18 0.18 1.145 1.145
L21 0.09 0.09 1.055 1.055
L2

L3

L=4 0.3 -0.08
L5 0.3 0.6z
L6 0.3 0.62
L7 0.3 0.6z
L=2a 0.3 0.62
L=9

L30 0.1 0.1
L31 0.21 -0.05
L3z -0.26
L33 0.485 0.465
L34

L35 0.5 0.5
LG

L37 -0.4 0.4

Fig. 15. Power flow according to restoration strategy.
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4.3 VoLL¥%} CDFE &3 Ax93H & &4

=95 AAASAT Fig. 140 yerd AlE2old dae HdY &
FAOoR EEAAR, A AEFAZ mE AAA s qhYy
shA] ekt olgd FAE dAstr] fdE HY 2AEH S AAE

g &u &S A en, 1 W§-2 Table 119 YEFATH

Table 11. Restore scheduling.

Case schedule

T17T2 : No restoration action
A case T37T16 : Turn on the Tie-Switch

T57T10 : Turn on the Distributed Generator
T17T2 : No restoration action

B Case T3™T16 : Turn on the Tie-Switch
T8 T13 : Turn on the Distributed Generator

29 Nge Ben 2ok TIT2E %9 A2k B 29 237} o] Fof

A7) grow] Azgl A A7k A% Tie-Switchi T3 Aol 74
g, Aol FRSE AW TI6AX FA€G DGE 48 LAY
o f = 647 F HEHM, DGO FY Aol wet 24 BA 2AZ

gog FR3AT. A Caser DG FYAITHS THTI0o.2 714 3R <
H B Caset T8 TI3Ce =z 743t VoLL H]-E2 $150/MW = A4 3}
]_

%2
*

off

Rom, CDF+= Table 120] Yebd H&& 4§
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Table 12. CDF cost according to the duration of power outage'?.

Duration (hr.) Cost ($/MW) Duration (hr.) Cost ($/MW)

1 29.74 9 162.72
2 41.04 10 168.76
3 58.84 11 173.75
4 79.25 12 178.07
5 99.46 13 181.98
6 117.68 14 185.66
7 133.04 15 189.22
8 145.41 16 192.71
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Fig. 162 59 A= Method 40 Widte] B =7AEdS 483 19
< YeRdT Method 4= DGSF Tie-SwitchE &Alol AL&3to] H315 &
TR A RE TITT2 Al Fsh&Ea- 22]7F o] Fo] A A ow, Main
Grid2 58 F3& T3P Busg AQgh Uw A Buse Fahatdo] A
stt), sl Al- e BeatdEe 2980MW=E =& 5 ok T3 Al o= Tie
-Switchg §3 AlE AFTHo=2AN dF F37F B E0em) id A A

o RaAwEe] 202MWE FaadT. olF DG7F QB W 647
Bek F7b49 B 2A7h ootk DG 7HEHE ARelE Tie-Sw
itchst DGE Ao ALgste] Rots Bpstel slg Ade Fahagaol

0.82MW = 7FAasksrt. skAINE DG 7Hs S 9ol wet Tie-Switch¥HS A}
|3 FeET 227 #AHH, DGE S5t 575 AR Busell A& o]
LA sHA Er

Method 4

2
1.
(o]

T1T T2 T3 T4 T5 T6 T7 T8 T9 TI10 Til1 T12 T13 Ti4 T15 Ti6

Load shedding(MW)
w

=

ul

M A Case W B Case

Fig. 16. Apply restoration scheduling. Method 4.
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Table 13. Outage cost of method 4 according to restoration scheduling.

Total Load G et
10} 0.
Crise Shedding : S$V"]LL : 8$01]’F
[MWh]
A Case 277,05 4,057 2436
B Case 27.05 4,057 2,504

Table 132 Method 49| &9 A= il VoLL¥} CDFE 4§
g AAH &S et Table 13914 Method 4A¢ Method 4B & 4
St FdsHA =EdEH A 5 Ayeed w2l Tie-Switch
94 DG FY AHE d=2A d&s5k 7] W, Fig. 17, Fig. 183} #o] Z}

A =7 wiZol, Method 4A$ Method 4B& #2& A A3 an] &

o] &E At AR Costppiz A A LA W& CDF HE&& A&

al7] wjioll, Method 4A¢}t Metohd 4B2] A ¥js|n]go] tt2A =&%

=3

Fig. 17, Fig 1894 32¥1 Bus®| FéfxteteFe Hlaef ', Method 4A
5

P

71 A A& 7)7ke] 4A1ZE
A 7F ®rh o]%F B9 Ay e wE DG FYHoR AFo]l dAH
o2 B35H DG 7hs

%_
o] Method 4A+ 641, Method 4B+ 34|

)

rr

©
do

L
off
o
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T T2 T3 T4 T5 T6 74 T8 T2 T10 T T2 Ti3 T4 Ti5 T16
B1 0 o 0 o] 0 o 0 0 [o] o] o 0 o 0 o 0
B2 0 o] 0 o] 0 0 0 0 [o] o o 0 (o] 0 o 0
B3 0 0 0 0 0 o 0 o] o 0 o 0 o 0 o 0
B4 0 o] 0 o (4] o 0 o] [ o] o 0 (] 0 o 0
BS 0 o 0 o 0 o 0 o 0 o 0 0 o 0 o 0
B6 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 006 0.06 006 0.06
B7 02 02 02 02 0 o] o o o c] 0.2 02 02 0.2 02 0.2
BS 02 02 02 02 0 0 0 o o 0, a0 0.2 02 0.2 02 02
BO 0.06 0.06 0 o 0 (o] 0 o (] o o 0 o o o 0

B10 0.06 0.06 0 o 0 o] 0 o 0 o] o 0 (o] 0 o 0

B11 0.045 0.045 0 o 0 o 0 o o o o 0 o 0 o 0

B12 0.06 0.06 0 o 0 o 0 o [ o] o 0 (] 0 o 0

B13 0.06 0.06 0 0 0 0 0 o 0 0 (") 0 o 0 o 0

B14 012 012 0 o] 0 o] 0 o o o o 0 o 0 o [

B15 0.06 0.06 0 o] 0 0 0 o [o] o o 0 o 0 o 0

B16 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

B17 0.06 0.06 0.06 0.06 0 o 0 o [o] o] 0.06 0.06 0.06 0.06 0.06 0.06

B18 0.09 0.09 0.09 0.09 0 0 0 o o o 0.09 0.09 0.09 0.09 0.09 0.09

B19 0 o 0 o 0 o 0 o o o o 0 o 0 o [o)

B20 0 o] 0 o 0 0 0 o [ o o 0 [ 0 o 0

B21 0 o 0 o 0 o 0 o o o o 0 o 0 o 0

B22 0 0 0 o] 0 0 0 o ) o o 0 o 0 o 0

B23 0.09 0.0% 0.09 0.09 .09 009 0.09 0.09 0.02 0.09 0.09 0.09 0.09 0.09

B24 0 5] 0.14 0.14 014 014 0.14 014 () 0 (] 0 o 0

B25 - j 0 0 o o o 2% |

B26 0.06 0.06 0.06 0.06 0.06 0:06 0.06 0.06 0.06 0.06 006 0.06 0.06 0.06 0.06 0.06

B27 0.06 0.06 0.06 0.06 0.06 0.06 0.06 .06 0.06 c.06 0.06 0.06 0.06 0.06 0.06 0.06

B28 0.06 0.06 0.06 0.06 0.06 ©.06 0.06 0.06 0.06 C.06 0.06 0.06 0.06 0.06 0.06 0.06

B29 012 0.12 012 012 012 012 ‘oz 012 012 0.12 012 012 012 012 012 012

B30 02 0z 02 02 0 0 0 o o o 02 02 0.2 0.2 0.2 02

B31 0.15 0.15 0:15 0.15 0.11 011 .11 0.11 011 011 015 0.15 015 0.15 0.15 0.15

B32 0.21 0.21 0.21 0.21 0 0 0 o [] 0 0.21 021 0.21 0.21 021 021

B33 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 006 0.06 0.06 0.06 0.06 0.06 0.06

Fig. 17. Load Shedding amount for the duration of a power outage of each bus - Method 4A.
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Fig. 18. Load Shedding amount for the duration of a power outage of each bus - Method 4B.

_37_

T4 Ti5 Ti6
o ] o
4] 0 ]
o] ] o
1) 0 (1]
o 0 (1)

0.06 0.06 0.06

0.2 02 0.2

0z 02 02
o e} o
0 0 0
o 0 o
o o o
o 0 o
o (e} ]
o 0 ]

0.06 0.06 0.06

0.06 0.06 0.06

0.09 0.09 0.09
0 0 o
e} e} 4]
o 0 o
o (e ]

0.09 0.09 0.09
o 0 o

| o3a  e3a o034

0.06 0.06 0.06

0.06 0.06 0.06

0.06 0.06 0.06

012 012 012

0z 0.2 02

0.15 015 015

021 021 021

0.06 0.06 0.06



Table 14. Outage cost of Bus 32 according to the restoration scheduling
- Method 4.

Costy,r, Costopr
[$1] [$1]
A B A B
Total Load Shedding 2.1[MWh]
Initial Power Outage 196 2905 43.86 11740
cost - ’ ’
Re-Power Outage cost 189 94.5 89.46 27.22
Total Cost 315 315 133.32 144.62

I AR Eo] dEA =EFHT. Costy,, = FoAFEE 1A VoLL=
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Table 15. Outage cost of Load Restoration Strategies according to the
scheduling - IEEE 33-Bus System.

Total Costy,rr Cost opp
Load
Method » ZZ- [ $1 [ $1
eading B A B
[MWh]
Method 1 47.76 7,164 6,378 6,378
Method 2 41.1 6,165 4,712 5,043
Method 3 34.25 5,137 4,385 4,385
Method 4 217.05 4,057 2,436 2,504

Table 15= 54 Ao 2AEdS A&38te] Ay &= AL 2

HE HERT Costy,, e BY AE R 5 AU42le Casest #AIglo
22 Ay anEo] =EH U

Costoppl Method 15+ Method 38 9 2~AZYo] g Hataivkakel
W37 dojubA] 4okr] wiol, ZF Case &
"l &A% Method 29+ Method 4% DG T A&l wel A2 244
Zrol &tz 7] uwjiEol A Case®t B Caser= HE Az Isn| o] =&E%
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NOMENCLATURE
A. Indices and sets.
1,7 - Index of busin [ 1 : NB 1.
t : Index of time in [ 1 : T 1.
g : Index of distributed generator unit at each bus i installed in the d
istribution system [ 1 : Ng |.
Br : Index of distribution line in [ 1: Nbr ].
B. Parameters

Rij/Xfﬁj : Resistance/reactance of distribution line ij.

Pft/ th . Active/reactive power load in bus i at time t.

‘/i,min/ Vv

max - Minimum/maximum voltage of bus i.

anﬁn / an?ax : Minimum/maximum output limit of distributed generato

r g installed in the distribution system.
C. Variable

P_Shediing;, : Active power load shedding amount of bus i at time t.
P,,/@Q;, * Active/reactive power injection of bus i at time t.

V;: + Voltage amplitude of bus i at time t.

0,, - Phase angle of bus i at time t.

PftG/ Qg’?tG . Active/reactive power production of distributed generator

g installed in the distribution system.

Pij?t/ @, + Active/reactive power flow of distribution line ij at time t.
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