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Optimal Dispatch of Energy and Frequency Regulation Reserve
Considering Contingency in a Competitive Electricity Market

FRB-BLE -HAFE REBET 228
(Ki-Song Lee - Yun-Won Jeong * Jong-Bae Park - Joong-Rin Shin + Yeong-Han Chun)

Abstract - This paper presents a new approach for optimal dispatch of energy and frequency regulation reserve
considering contingency in a competitive electricity market. It is necessary to introduce the reserve market with the spot
energy market for operating efficiently and obtaining the security of the electricity market. However, the reserve market
is closely connected with the energy market since the energy and reserve are produced from the same resources. Thus,
it is inevitable to co-optimize the energy and ancillary service for efficient operation of energy and ancillary service
market. Therefore, this paper proposes a new method for optimal dispatch of energy and frequency regulation reserve
considering n-1 contingency of generator and transmission line using constraints and sensitivity based on AC power
flow. To verify the effectiveness of the proposed method, the numerical studies have been performed for 5-bus sample
system and modified IEEE 14-bus system.
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Table 3 Generator data in 5-bus sample system

oz . w4 A of
SEv LRl o ==
) 2 Qa3

a; b; Hx o)
Gl 1 792 | 0001562 | 824802 | 30 150
G2 | 3 78 | 000194 | 81216 2 100
G3 5 797 | 000482 | 8509%4 5 80
A7) WelHAA R Ao th&r o) YAVAE

AR AT dujE AlFAE A7l dolEe 2
A5z QBANGE AAFdn e 7 2]
9] Zz71u-8 (Ramp Rate)2 F93tctn 7HA s 4t

C

T

(22)

g 47 AR JEERde RA-19 A8 e
10MWE 7122 (Base) 2.2 ARde} AAATE +959
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=0, +2%b X P

412524 E2AS X5 =

B AN E 3] o€ 5RA A e FEvisk A
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N 27) AsA ¢ 33}k

23 S do — —

A 27} g Ty [ A2 | MW | MVar

1 | 104 0 106 | 09 0 0 E 4 MFAIDE DX @e e wH

2 1 0 105 09 70 70 . . . A

Tabl i ho I

3 103 0 05 09 o % able 4 Generation without contingency analysis

4 1 0 1.05 0.9 25 25 w2

5 1 0 105 09 30 30 WAy | 2 oE)

MW Mvar

B 2524 EEASS M= Holg R L %81 B0
Table 2 Line data of 5-bus sample system 2 3 67.703 51722 8.113

Az F T A% Mz Normal Emergency 3 5 HITT 76.691 8.220

we | oW g~ |MAX | MIN | MAX | MIN

112 0012 02 | 5 | -] 60 | -60 )

2 | 1 3 [ 0013 0% 55 55 | 60 60 A7) 5RA FEASNA AAAZ 4 A BAH-5
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6lalsfom] o |5 [H]18[W 3 @Azl AA Fa0F B stlok st FHAY
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Table 5 Generation results for the contingency of G1

ARE A SEEEESTI _
A (MW) A3 MW) f/’)}
U OWN| U OWi (]

I)!]C qu P })gD Wi PgC f; P PgD N
Gl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
G2 100.00 | 32.96 0.00 10000 | 3296 0.00 0.00
G3 51.20 | 2650 0.00 51.20 | 2650 0.00 0.00

igzibd

X 6 G2 AXAlDolf Cfs 2t WMol wxg Hul

Table 6 Generation results for the contingency of G2

AA HH2FAL

i | A (MW) 2

;_}2:7] 1 ehg( ATHMW) i/x}r
Ui (]

PgC P_q P PgDOWN Pg(,‘ eLUP PgDOWN
Gl 98.16 | 3886 | 000 | 9816 | 3886 | 0.00 0.00
G2 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Trans. KIEE. Vol. 55A, No. 5, MAY, 2006

¥ B ME MIAMIY REVY MR2ZFE 2

Table 8 Line flow error by each contingency of transmission line

From| To A2 A3 e 2H%)
MZ-12|H2-13|HM2-4 | H2-25(H2-U[H245
2 4 215 176 091 302 1439 | 809
2 5 325 1.55 1372 | 867 6.00 202
2 1 60.0 330 041 565 839 0.87
3 4 290 387 3153 | 745 351 1.32
3 1 451 388 1137 | 598 7.66 1.46
4 2 203 1.89 1.89 6.21 3.38 790
4 3 174 422 3955 | 656 119 1.74
4 5 21 233 1235 | 035 457 9.64
5 2 317 219 1437 | 322 1040 113
5 4 43 219 10.94 322 1040 | 948
1 2 219 387 1146 [ 526 6.39 147
1 3 572 387 1007 | 5726 5.36 147
HEA 296 29 13.2 51 68 39

G3 5312 | 2843 | 000 | 5312 | 2843 | 000 | 0.00
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Table 9 Results of requirement for frequency control reserve
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Table 7 Comparison of generation for each generator by N A (MW) Ang AAH AFHMW)
line contingency = PP PPOWN PP ppowN
Az ARz 9 2H(%) & 38858 29.304 38858 0.000
Hz-12 | d2-13 | H2-34 | H2-25 | d2-U | 245 G2 32.964 24759 32.964 41.256
Gl 29.3 0.0 0.0 0.0 0.0 0.0 G3 28431 0.000 42,038 0.000

G2 16.2 0.0 186 134 12.2 0.1
G3 370 0.0 414 0.0 0.0 0.0
A 215 0.0 200 45 41 0.0
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Fig. 5 Modified IEEE 14-bus sample system

g9 ¥ 10-12& 47 49 IEEE 1424 EEAE
g3 2AM, 342, 447] bolg 2 A, $£HLH, L
A Aok vhehdc
x 10 &= |IEEE 142M E£AS2 24 ool
Table 10 Bus data of modified |IEEE 14-bus sample system

S LR FEE:
AN 2 g (B0 | 32 | MW | Wvar
1 1.06 0 1.05 09 0 0
2 1.045 0 1.05 09 217 127
3 1.01 0 1.05 09 942 19
4 1 0 1.05 09 478 -39
5 1 0 1.05 09 76 16
6 1.07 0 1.05 09 11.2 75
7 1 0 1.06 09 0 0
8 1.09 0 1.05 09 0 0
9 1 0 1.05 09 295 16.6
10 1 0 1.05 09 9 58
11 1 0 1.05 09 35 18
12 1 0 1.05 09 6.1 16
13 1 0 1.06 09 135 58
14 1 0 1.06 09 149 5

x 11 3= |EEE 142M FEAIS 42 dolH
Table 11 Line data of modified |IEEE 14-bus sample system

14] 6 | 11009498 | 0.1939 0 45 | -46[5 | -50
15] 6 | 12/0.12291 | 0.25581 0 45 [-451 50 | -50
16| 6 | 131006615 0.13027 0 45 |41 50 | -50
17 9 [ 14]012711 | 0.27038 0 45 | -4 | 50 | 50
18 | 10 | 11]0.08205 | 0.19207 0 45 | 4515 | -50
19 ] 12 | 13[0.22092 [ 0.19988 0 465 | -4 50 | -50
20| 13 | 14]0.17093 | 0.34802 0 45 | 46 (5 | 50

x 12 X IEEE 1424 BEEHS59 wX7| dolg
Table 12 Generator data in modified IEEE 14-bus sample

system
TR
) u}l A 7 ¢
wArg| 24 | 9@AAdey o;‘ lf; wAAS

a; b; ¥ Hx Hd
Gl 1 18.28 0.0082 19.428 10 100
G2 2 1828 0.00% 19.624 20 100
G3 3 18.28 0.0059 19.519 10 150
G4 6 186 0.006 19.44 20 100
Gh 8 18.28 0.0087 19.7416 10 120

422 =X H IEEE 1424 T2H& HEs

E doME 447 524 EEAESY vl3stA 2 IEEE 14
24 FEAS distd w7 M2 n-1 AAHAIRHE
ARE AN WA A7) dHolHE o]&sd JIEAFE]
Uiz A g AHATE IS A= o5H
2.

" 13 MHAIDE 15X ¥ Fde wHE
Table 13 Generation without contingency analysis
A F
L] A = ]
2479 | 2A MW Mvar 53
Gl 1 39.822 -0.627 18933
G2 2 41.504 14.774 19.077
G3 3 86.448 19.468 19.300
G4 6 47.564 16.667 19.171
G5 8 45.000 18.549 19.063

[EEE 1424 Z¥ATS AR A¥e 3% A
HA7]-37 M2-78% M2-799) Atnrt dAEHES | A
d BMsd s =80 ol 2A-8 d4d 2A7]-3
o Aol AT o|He] B AFAA /1 w2 TA
MW, AAMEF29] 30%)¢ 3R Az, o] THZF
ME-78% AZ-798 AA FaAFAAH FEHL W

Az From| To| A% Az oA Nomal | Emergency 7 ) -

W3 2 Ag X | AFAE2 IMAX | MIN |MAX | MIN fEoth AV AF B HE =& AAANRE A
1] 1 [ 2001938 005917 | 00628 | 45 | -45| 50 | -50 91§ Unyx] wrA v o] ARA O] hE Anb= ohen g
2| 2 31004699 | 0.19797 0.0438 45 | 45| 50 | -50
3] 2| 4looe8ii] 017632 | 00374 | 45 | 45| 50 | -50 B 14 WHI| ANAITY 7t wH7|e| @A u@

4] 115005408} 022304 | 00492 45 15150 | %0 Table 14 Comparison of generation for each generator by
5] 2 51005695 | 0.17388 0.034 45 | -45] 50 | -50 generator contingency
61 3 4 1006701 | 0.17103 00346 45 {451 50 | -0
7.1 4 | 51001335 | 004211 0.0128 45 [ -45] 50 | -50 WA WAl 7] ARAE @ 3H%)

8[5]6 0 0.25202 0 45 |45 50 | -0 - A 7]-1 whA 7]-2 utA 7]-4 kA 7] -5
9| 4 7 0 0.20912 0 465 | -45 | 50 | -50 Gl 0.00 000 0.00 0.00
1078 0 0.17615 0 4 | -45 | 50 | -50 G2 0.00 0.00 0.00 0.00
11| 4 9 0 0.55618 0 45 | -45 | 50 | -50 G3 0.01 0.03 0.00 0.00
121719 0 0.11001 0 4 | -45 1 50 | -0 G4 0.01 0.03 000 - 0.00
13( 9 | 10(003181 | 00845 0 45 | -5 50 | -5 G5 0.00 0.00 0.00 0.00
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Table 15 Comparison of generation for each generator by line contingency

A2 FRA2E 2 3H%)

To [Hz-|dz-[dz-[de-[42-[d2-|da-[dz-[H2-|da-[dz2-[He-[de-[de-[He-[de- | de-[Me-

12 | 23 | 24 | 15 | %5 | 34 | 45 | 5% | 47 | 79 | 910 | 611 | 612 | 613 | 914 | 1011 | 1213 | 1314
3 |42 [ 124 [ 58 [ 34 | 35 | 27 | 49 [ 04 [ 27 | 75 | 05 | 08 | 08 | 08 | 06 | 49 | 05 | 10
4 178 | 59 [169] 46 [ 53 [ 11 |100] 02 [ 21 |42 [ 06 [ 08 [ 02 ] 06| 05| 17 [ 02 | 03
5 11534 59 [ 53 13310978 03] 07 08 |0l [13[08]09][05]18]02]10
1 [ 23430 [ 51 [133][44 | 07 [ 71 [0l [0l [uno[o02[o03]02]12 ][04 [ 14]00]03
2 {45 [127 | 52 [ 28 [32 [ 26 | 62 [ 03 [ 25 |88 [ 05 ] 06 |07 [ 12 |05 45 | 05 | 09
4107 |69 [52][28 3226650301 ]00][05]17]10][34]05]17]05]10
2 [ 86 |52 (17733 | 47 | 11 | 126 | 02 | 24 | 57 | 06 [ 04 | 00 [ 03 [ 08 | 19 | 02 | 02
309700492331 ]26]79 03] 04]03]05]16]10]31]04]25 [05] 11
5 140 98 | 15433 [ 40 [ 11 [ 254 06 [ 53 [199] 21 [ 79 [ 35 [ 53 [ 04 [ 02 [ 00 | 50
7 121 [ 24 [14]12]23[02]30]05][197 379 146127 ] 49]06][30] 0139
9 [ 15|16 [ 11 [ 11 | 16 [0l | 18 | 03 |29 [187| 08 | 37 | 17 [ 32 [ 02 | 17 | 01 | 23
2 {12229 [ 49 | 40 [135] 08 [102 | 03 [ 05 |03 [ 01 |16 | 10 | 16 ] 08 | 16 | 02 | 11
4 (126 [ 84 [ 131 42 [ 45 | 11 [ 25 | 06 | 75 [ 267 | 22 [ 70 [ 28 | 36 | 15 | 15 | 01 | 43
6 | 38 |45 | 59 [105] 63 | 04 | 146 08 | 17 [189] 23 [ 15 |49 | 41 [ 03 | 13 [ 02 | 17
1 [210 10 |23 [ 18728 [ 0669 |01 |01 [03][02]17 12|18 [ 10 [12] 01 |10
5139 | 46 [ 60 [ 106 63 [ 04 [132 08 [ 11 [189 [ 23 [ 15 | 49 [ 42 [ 03 | 05 [ 02 | 16

11| 23 | 26 | 16 14 | 25 | 02 | 46 | 05

64 | 126 { 35 | 119 | 19 | 06 | 59 10 | 01 1.9

121 06 | 07 | 04 04 07 ] 01 0.1 0.0

09 34 0.2 0.0 90 | 124 | 12 0.1 19 19

131 10 1.2 06 04 13 01 15 0.2

26 ] 102 | 09 15 | 60 j 201 ) 55 | 04 16 | 64

24 26 1.7 16 25 | 02 39 | 05

98 1367 | 14 6.2 28 | 51 05 | 42 [ 01 4.0

10 | 08 | 10 14 | 06 | 00 | 00 | 00

00 | 38 | 00 | 05 | 03 10 1 05 [ 01 00 | 02

98 13291 13 | 67 | 31 62 | 00 | 42 | 01 4.2

00 | 00 { 00 { 00 [ 00 | 00 | 00 | 00

00 [ 00 | 00 [ 00 | 00 | 0O | 0O | 00 | 00O | 00

15 16 11 11 15 | 01 23 1 03

02 | 183 | 08 | 37 17 | 31 0.2 23 [ 01 23

4
8
9 | 34 | 3427 ] 29 1 31 02 | 39 | 05
7
4
7

27 1 28 1 20 | 20 | 27 | 02 | 48 | 05

151

366 | 14 | 64 29 1 55 )1 04 | 54 | 01 4.0

10 | 20 | 21 1.3 1.3 20 | 02 44 05

41 52 | 33 (114 | 14 | 08 | 54 | 87 0.1 19

41 22 | 23 18 18 1 22 | 02 | 26 | 03

43 64 11 1.3 32 | 96 | 60 1.7 03 85

9 16 19 | 09 0.6 18 1 02 | 52 | 05

57 | 57 | 33 | 112 | 13 11 53 | 57 | 01 2.0

3]
SSlv|o|lo|lolovlNNwio|oao@|ajo|a|o]e s e e s ]wlw oo joo ] S

1 | 16 19 | 09 | 06 18 1 02 | 52 | 05

57 | 115 | 33 | 41 13 | 13 | 63 | 123} 01 2.2

1116719122 | 13 10 | 21 02 | 68 | 05 | 76 ] 103 | 34 | 117 ) 16 | 09 | 566 | 39 | 01 2.0
11 (10 ] 19 } 22 | 13 10 | 21 02 | 58 | 05 | 76 | 103 | 34 | 47 16 | 09 [ 56 | 39 | 01 20
126 |07 08|06 )07 | 08101 0.1 00 | 11 23 1 02 | 01 29 |16 | 11 0.3 19 | 20
12113107 | 08 ] 06 [07 ] 08 ] 01 0.1 00 | 11 23 | 02 | 01 29 1116 | 11 03 19 | 20
1316 14 16 | 11 10 15 | 01 2.1 02 | 33 | 62 | 09 { 12 | 56 | 205 ) 51 12 15 | 65
13112107 | 08 106 | 06| 07 |01 1]02) 00 12 2.1 02 | 01 34 | 110 [ 11 05 19 | 20
1311414 21 24 17 16 [ 23 ] 02 | 23 | 03 | 46 | 83 11 12 { 33 | 95 | 62 17 | 03 | 85

1419 19 [ 21 15 14 1 20 [ 02 | 30 | 03

52 | 69 | 11 14 | 31 | 90 | 61 27 1 03 | 82

14113 19 21 15 14 20 1 02 { 30 | 03

5.2 69 11 14 31 90 | 61 27 | 03 | 82

219 | 15 | 31 | 178 | 31 06 | 55 0.1

0.0 13 | 02 14 10 1.1 0.8 14 | 01 09

219 | 156 31 | 178 | 31 0.6 55 0.1

0.0 13 0.2 14 10 1.1 08 14 0.1 09

PaF2A | 53 33 37 38 31 06 | 53 03

38 |1 105 | 12 32 23 48 21 24 04 2.7
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Table 16 Results of requirement for frequency control

reserve
o AT (MW) AZE AAT ZHMW)
v PUP PDOWN PI/P PDOWN
Gl 12.623 0.000 12.626 0.000
G2 0.000 0.000 0.000 0.000
G3 34472 13482 34470 0.000
G4 22.589 19.261 22.588 0.000
G5 0.000 0.007 0.000 0.000
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