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VD P+ pevi: =Y nlag+ Y. peve; — LS, (5-5)

iel xeX neN xeX

olFlopwl M IFo A Qlo] dFA R e PGHH= LAY §lo]

AR R ATl +FEH

VY ph S P S P (5-6)
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vt,Vi:0<FRD,, <RC. x At (5-10)
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E6-2 AWE wRe S9% 2 A5
T1 T2 T3 T4 TH T6 T7 T8 T9
Load 498 504 513 501 507 510
T1 Renewable 68 70 74 72 68 64
Net load 430 434 439 429 439 446
Load 506 512 503 510 510 512
T2 Renewable 68 72 72 69 64 67
Net load 438 440 431 441 446 445
Load 513 504 509 510 513 520
T3 Renewable 73 72 70 68 70 74
Net load 440 432 439 442 443 446
Load 504.5 510 515 516 517 525
T4 Renewable 72 70 68 73 78 84
Net load 432.5 440 447 443 439 441
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E6-4 70 oTg

T1 (a) 3 17 12 0
(b) 2.32 16.05 10.67 0
To (a) 19 11 0 8
(b) 18.06 9.78 0 6.59
T3 (a) 13 2 8 8
(b) 11.88 0.68 6.9 7.35
T4 (a) 0 9 20 14
(b) 0 8.23 19.75 14.41

At

G1 0.68 MW 7
Tl G2 3.06 MW 7+ G1 1.33 MW 74
T2 G2 2.63 MW 4 Gl 1.41 MW &
T3 G2 3.07 MW #t4 G1 1.75 MW #t4

G1 1.29 MW #& .
- G2 0.61 MW 74 Gl 0.16 MW Z7}
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o

UA B ¥ 6-12 £ E PIM 5-EA AFel A7AE F71
A olty, A7 A= 7128 Feprt A gk Badel 2ol Atk vh
ARk dEol A7Ae Ftfleet) FAE FoJA olo] wE EHA 5
= ARSI AR R Al @ e o] flow -9 Bel
A o] EAFY o]5e MR olFo] shsalth. A7Ixte] Auel
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A7127F el = Qe 5 AdH ol 7o) Hol IAE YEH
Wk 242+ s 8 AdEE YUERd= Traveling state’} $F 7l

4 EAFES maYe vk g2 ool AYHORE e

T AT 22 2% AR gt webd A7a) ol e
S, oA EWsli= EV fleet29] HA7|A7F 22 9 ] v &
22 7t ™ 8 AEHE Ha T AXY HA, g2 7o Qe
RE 47 olFsted HA F oW o] 3 AHE Aot =g
F AEE ndg A

M A7)Ake] wiElg] &% 25 kWhE 7Fggich st 1739
Z 4= 150002 =g om A7) a7 9 X ets wteof zZhzt 7}
A 50004 Exsttta 7HH g o714 A7) g5 ¢ =S Av|at
ol BgEo] 1Y wWel I53S ettt 7)ol AAZ EAEHE A
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AA AAT B AT AN dEE AFdch 47139 dee
w7 A Azdsivheh, Ekel Adejde]  SE(iransition
probability)ell whel Watgtta 7pgstel Alzre] Egel we d71% 4

efe] WskE AuEu ot o IHES FolX AEo] gEoA ARt

L 28 F ABA} B Al FHE ARG 4 FA A
B} e BE AGN@OR el Augeh A 9 @
& A1 e BASA BYRAT Akl hE AFAe] 3

S5 skl A7) Aol EAsts V1A s uEA A8

i

AEA e WMEE b,
2Rl AES A2 Ak Aulr} Fetin g

7] witol FAEQl AsAbe B Aol A5 (plugged)EH ol Al



U1 =

1 1
7 52 1
4 2 = 3 -
- 3 Z 5 2 5
7 = 52 53
2 2 5 = —
z 2 7 1 5
7 3 1 2 5
= 3 = 1
1 1 7 2 5 o
— = 7
6 5
1 1 1
7 3 : 2 !
5 5
120 30
147 30
T1 b0 150 300 650 152 35
T2 32 99 281 613 159 38
T3 21 82 228 63b
T4 17 65 203 642 160 40
208 40
286 60
308 69

¥ 6-5 el g Ey A3 d

712 " - 2 E T A1)

1
4
2 2
7 55 2
2 1 2 z
= 1 — g 1 5
7 — 8 3 51
2 1 5 = —
2 1 7 1 5
7 6 1 1 1
2 3 7 1 8 é
— = 7
36 T35 Ty ) )
7 6 5 Z z
8 5
470 30
334 130
T1 50 400 50 100 302 136
T2 155 244 105 143 291 130
T3 148 229 126 166
T4 140 232 129 172 350 50
282 108
281 114
292 116
I8 6-6 Ao ET A7 ¥ ANA U - BE AI7HA)
.__:I'x [ s




ZEZ AR AHEY Ae *FTA AVIAS disrh FaE <)
i s o @A fAEeH BE A dDols 235 17

A ek FAstel AET A4 WA DA Bee o & ol

=)
i
1%
ofo
ol
ol
2
o
iy
=2,

ARE HRT b §FL A A AT 294 BET 5
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A= A71A] AHE AEY A4 s Aot Asy AZdy
e AteHlE 9" Z=AAH (fully charged state), F&  ZZAME

o
I3
g
)

+ 1% 6-7, 1¥ 6-83% T

177 187 197
i 150

131
550 606 03 636 656
82
346 377
200 298
T1 T2 T3 T4
EV1 EV2 EV3

J" 6-7 A E 287k At - SE T AR
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500 464 438 421

s 399 377 372
1350 1253 1210 1201
390 395 408
400
T1 T2 T3 T4
EVi EV2 EV3

¥ 6-8 ARt E FZrbs VA die - BE AR

o]} o] Alzte WE H7|xte] JHAEE nlgor AVHE =
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FS Aurd, T1oA EV fleet 19 F3}

= EV fleet29] Fatdl= Bup HAARE A7) 27 gddals S §%
(EVRU)=> EV fleet 1o4 © @o] &rd 4 Ut} EV fleet 29 Fxb
g7t A o2 EV fleet 1 Bop O Wrlets, 7} 171218 S44H

2 u#lehd BV fleet 12 Foto] FRI 5 gl &3o] o] At oA

() | @

1 Flow 1-2
.y > @ G3

RPG2

| ¥ Load3
®

<t o
[ Load1 Load2 y | ®65
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A “1-27 32 AEFE AHESH7] 9138 T e(sensitivity)= oFgle] &
6-69 Zom X3+ 7l (aggregated sensitivities)w S 7}
HiRY  =H{RD, = HEYEY =0.4846 o|v], H{RY,  =H{RD, =H{'R) =

—0.0463 ©|t}.

H1—2,1,t H1—2,2,t H1—2,3,t H1—2,4,t H1—2,5,t

Sensitivity 0.6 -0.08 -0.04 0.12 0.3

obglel AWH = B o WE AAFE N §39 Eio

A} =7k g2kS A Fsk Y9 offering prices B availability =
9

At 7] A g G &9 T (single interval dispatch) &
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doa O MAAZ A AT o @9 7 (multiple interval time-

coupled dispatch model) 29 A L3t U] 759 AE5E A7 1+7 9

1o
>,
o
o)
)
rlo
(@)
M
©
ui

stel Ay 2zt

A7)k Algel d8s 232 ¢ e Algs saMnt A%

i ATk EE AR S0 S0 w9 Aozt @
94 @1 22 8% Adoww Bgaty Agetel ool A
TEe ARyt

6.3.1 1A ME JIF

o>

A4 “1-2e] SAAE welskA e ASe e P9

=2
T
ﬂ
o>
)
>
2
k)

ol me w4 243

Network constraint not Network constraint considered
considered (e)-1 (e)-2
Operating cost: $10,150 Operating cost: $10,929
(MW) T1 T2 T3 T4 T1 T2 T3 T4
Energy 4755 80 80 80 5451 59.52 59.04 58.86
Gl FRU o 0 0 0 1365 0 0 0
FRD o 0 12 0 0 0 1067 0
Energy 5 16.5 31.63 4142 |5 0 0 0
G2 FRU o 0 12 9 0 0 0 2.378
FRD ¢ 0 0 0 0 0 0 0
G3  Energy 40 60 60 60 60 60 60 60
94



FRU ¢ 0 0 0 0 0 0 0
FRD 19 10 0 0 0 10 0 0
Energy 155 150 145 140 [156.06 160  159.26 155.64
G4 FRU 5 0 0 10 394 0 0 4.36
FRD  qg 10 0 0 0 10 0 0
Energy 45 40 35 30 5198 5698 5758 56.92
G5 FRU  qg 10 0 10 10 10 10 10
FRD 19 10 0 0 0 10 0 0
Energy 95 90 85 80 100 100 100 100
G6 FRU 5 0 0 0 0 0 0 0
FRD 19 10 0 0 10 10 0 0
V1 Energy 052 053 051 -052 052 -053 051  -0.52
EVRU 0 0 0 0 0 0 0
o Energy 068 -069 066 -07 |068 -069 066  -0.67
EVRU o 0 0 0 2.8 500 365 498
V3 Energy 125 128 121 -124 [125 -128 121  -1.24
EVRU ¢ 0 0 0 222 559 31 5.55
A9 & 6-7Tv FHASFAE st g At (e)-13 SHSAE

d3= vEbith
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279.45 MW
(63.66%)
G3: 60 MW

G4: 15715 MW

G5:60.43 MW

EV2: 0.66 MW

EV3: 121 MW

241.87 MW
(55.09%)
G3: 60 MW
G4: 145 MW
G5:35 MW

EV2: 0.66 MW

EV3: 1.21 MW

(e)-2

(e)-1

a3 6-12 T34

)

e
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B

inun

=}

i
=

T

™
ol

AL

ARk Akl (e)-23 7o)

o] T3eIH, 7 A

otk 28 6-12¢4] Ho]

= 44.91% oA (e)-29

i AR (e)-1o1A

3]

H &2 M1

36.34% ©]tt.
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)
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v 9 B
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o WEAH) HE 9%
o

23 S 7| Rakolth & 6-89) -3t} A

rir

A A7 SYEs AT At (DE v AHEY vad 5 3l
71 AbEl R Ak Akl (@) (D Blaste] iAoz A T

=89 WsAol & AtEE dehdn. ols& Tkl A olux e

gglom olo] tigh Ay & 6-99 2t

¥ 6-8 okl A 2RV 2Huk

TIT T2 T3 T4 T5 T6
Load (MW) 498 504 513 501 507 510
Renewable Low variability (f) 68 70 74 72 68 64
output (MW) ' High variability (g) 68 76 70 71 66 60

—9 A LAY 8 WEo] w2 A 5 A3

EV, no utilization for FRU (f)-1 EV, utilization for FRU (f)-2

Operating cost: $10,995 Operating cost: $10,929
Cost saving: $66 (0.6%)
(MW) T1 T2 T3 T4 T1 T2 T3 T4

Gl  Energy 51.6 59.49 59.04 5481 [5451 5952 59.04 58.86
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FRU 5.32 0 0 0 1365 0 0 0
FRD 0 0 10.67 O 0 0 10.67 0
Energy 5 0 0 0 5 0 0 0
G2 FRU 0 0 0931 7.27 0 0 0 2.378
FRD 0 0 0 0 0 0 0 0
Energy 60 60 60 60 60 60 60 60
G3 FRU 0 0 0 0 0 0 0 0
FRD 0 10 0 0 0 10 0 0
Energy 155 160 155 150 156.06 160  159.26 155.64
G4 FRU 5 0 0 10 3.94 0 0 4.36
FRD 0 10 0 0 0 10 0 0
Energy 55 57.98 6256 66.64 [51.98 5698 57.58 56.92
G5 FRU 10 10 7.74 10 10 10 10 10
FRD 0 10 0 0 0 10 0 0
Energy 100 100 100 100 100 100 100 100
G6 FRU 0 0 0 0 0 0 0 0
FRD 10 10 0 0 10 10 0 0
EV1 Energy  0.52 -0.53 0.51 -0.52 | 0.52 -0.53 0.51 -0.52
EVRU X X X X 0 0 0 0
EVo Energy  1.09 -1.12 0.66 -0.68 | 0.68 -0.69 0.66 -0.67
EVRU X X X X 2.8 5.00 3.65 4.98
EV3 Energy 1.79 -1.82  1.22 -1.25 | 1.25 -1.28 1.21 -1.24
EVRU X X X X 2.22 559 3.1 5.55

A7AE T 8% ADoR BT wet AF Qv go] ik

gk ol J1Ee) WAV BYYL F% §FL AN hATe

W Aol wad APH GLe $5F T4 $YL A

6-99 bl (D-1 AshE BW ABe] BLF TP AREFS WE

A7) gt MAY] Gl lUARE okt W §F AACE @
ao]:

geeh ARk AbE (D-20AH A7AE SE &
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dEolvh. A e 29 WEAdo] Frbdel wet kel A4
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£ 6-10 A4 wade] 9 wEAol ¥ 4% F4 A3
EV, no utilization for FRU (g)-1 EV, utilization for FRU (g)-2
Operating cost: $11,081 Operating cost: $10,942
Cost saving: $138 (1.25%)
(MW) T1 T2 T3 T4 T1 T2 T3 T4
EV1 Energy 1.49 -1.52 0.53 -054 | 149 -152 144  -147
EVRU x X X X 0 0 0 0
EVo Energy 1.8 -1.84 074 -075 |131 -134 127 -13
EVRU x X X X 216 565 3.04 561
EV3 Energy 1.79 -1.82  1.73 -1.77 |1.79  -1.82 173  -1.77
EVRU x X X X 1.69 613 258 6.08
100



Abdl (2)-19] AxE AHxd, T19 L3oA  H-3kxtd(oad

shedding)©] 0.403MWqHE AT, Aol AAIH o3l ARE 27

-

Mo

P gREHE 35 A2 5k A (9-2004E AN T
3 we Pspaive] WS vk 1 A

&
AFu) LS (g)-17 vlwste] 1.25% A3t

E6-11 A 2] 9 WsAol =2 B A7iA &8 23

(MWh) T1 T2 T3 T4
EV2 0.18 0.471 0.253 0.468
EV3 0.141 0511 0.215 0.507

9 & 6-11= A e WEAdol & Ae AVIArE 285
= dyAe] a7l et B =RelAE 25kWh WiEHEE 7HAE
712k 1500tHE 7HE e, o159 "E e & &%= 37.5MWh oJt}.
o] &} Bt AJZF kA whet 2rol= AR Wi 2] oy A FE

7 0.686MWhelH o]i= F HiHz] &% 1.83% ALolt}. H7]x}9

5 gl tulaie] S 4o Bt WEYE W W) W
of 2570 BHES A A4 Fee vl W FAG 9o
e wE o) prel mAE G@el A4 €ee 7% 4 Atk 0
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6.3.3 A71x8] BFE WH3lo| W& FF

A7121e] ®gEo] F7hste] wel @Ak WIstE Bt 7|
A (-2 EV 295 1% 4 W, A7x5 53 &5 Aoz &8

-

e AS =2 omatt) 7oA A7 HFEC] 2% A wo] AL~

(h)-1, BEE°] 3%Y w (h)-20]t}.

# 6-12 17|28 RygEe] wE 53 43
EV penetration rate Operating cost Load shedding
1% (f)-2 $10,929 X
2% (h)-1 $10,941 X
3% (h)-2 $11,118 T2, L3 1.76 MW

o] 1929 3% A71xe o= 1500t Z /MO ER Ky
ol 1% sol4d o vtk d7]xk= 150004 F7Fsteh. A7 27 &
7hetd A7 Ape A B sk FAFE e Frlel] Wil A= AT
o] F Hake] AV7F Fke shE, AEIA e TH el whet v W
AZE Fek A7)z v e 10%E FAsoF gk wheb] W7o B

FE°] 1% 71 wrlt} 712 o7 sl THFHFL 11.25MWh 9]

O]
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Abstract

Short—Term Security—Constrained
Generation Scheduling Considering
Electric Vehicles as

Flexible Ramping Product

Dam Kim
Department of Electrical and Computer Engineering

The Graduate School

Seoul National University

A high penetration level of renewable energy in a power system
increases variability and uncertainty, which can lead to ramping
capability shortage. This makes the stable operation of a power
system difficult. However, appropriate management of electric
vehicles (EVs) can overcome such difficulties. In this study, EVs were
applied as a flexible ramping product (FRP), and a method was
developed to increase the system ramping capability. When increasing
the FRP to the amount required for the system, the effect on
transmission lines cannot be neglected. Thus, the required FRP
considering transmission constraints is calculated separately for each
zone to secure deliverability. To make adjustment possible, the zonal

available capacity is calculated by considering the probabilities of the
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location and the plugged and charged states of EVs. Also, the
improvement on the methodology of calculating ramping capacity
induces efficient operation of power system. In the existing
methodology, the uncertainty of ramping capacity has been determined
as constant value regardless of time interval. The presented method
stochastically estimates the uncertainty of ramping capacity of each
dispatch time. The forecasted load and the power output of renewable
energy resource are regarded to derive system uncertainty. This
study demonstrated that the power system can be operated more
adequately through the enhanced measures of procuring ramping
capability, and investigates the potential of applying EVs as an FRP.
The applicability of EVs as an FRP resource is examined, and the
results showed that they can be used at a more significant level

considering the transmission constraints.

Keywords : electric vehicle, flexible ramping product, flexibility,
short—term operation, transmission constraint, renewable energy
Student Number : 2012—20745
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