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강의개요
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주요이력사항

• 학력사항 `24년 3월 KENTECH�석박통합과정재학�

`24년 2월 고려대학교학사

연구분야

• 발전및송전확장계획 (G&TEP)

• 오픈소스전력망모델링 (KPG�193)
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Part�1.�계통운영최적화이론

• 경제급전이론소개

• 최적조류계산이론소개

• 기동정지계획이론소개

Part�2. 계통운영최적화실습�

최종목표

:계통운영최적화(UC/ED/OPF)에대한이해�및�실습

• Julia를 활용한최적화모델링

• Julia를 활용한계통운영최적화
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계통운영최적화 이론
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전력계통은시간에따라불확실성의수준이크게달라짐

각시점마다전력계통을안정적으로운영하기위한발전계획이필요

• 발전기 On/Off,�발전기 출력, 예비력확보등

[1] MISO, ”Future of Grid Operations and Markets: Uncertainty Management”, 2021

시점마다달라지는전력계통의불확실성 (미국MISO�사례) [1]

7일전

하루전

당일

실시간

실제계통상태(Actual�System�Condition)을
고려한발전계획이필요
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계통운영자는기동정지계획문제와경제급전문제를풀어발전계획을수립

• 기동정지계획(Unit Commitment, UC) : 어떤 발전기를언제기동·정지시킬지결정하는최적화문제

• 경제급전(Economc Dispatch, ED)�:�운전 중인발전기의출력을결정하는최적화문제

발전계획흐름도및구성요소예시 (미국MISO�사례) [2]

7일전 하루전 하루전 당일

실시간

SCUC: Security Constrained Unit Commitment
SCED: Security Constrained Economic Dispatch
*SC는 발전제약, 송전제약등계통제약을포함

SCADA:�Supervisory�Control�and�Data�Acquisition
SE:�State�Estimator
RTCA:�Real-Time�Contingency�Analysis
AGC:�Automatic�Generation�Control

RAC:�Reliability�Assessment�Commitment
LAC:�Look-Ahead�Commitment

기동·정지계획결정

출력결정

[2] MISO, ”MISO Market Design Overview and Evolution”, 2019
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경제급전은운전중인발전기의출력분배를결정하는문제

목적함수 ­ 총 비용 최소화

• 전력계통을단일노드로가정해송전선로의용량을고려하지않음

• 발전기출력제약

• 전력수급균형

제약조건

<latexit sha1_base64="9HN6sjWzdielSKsS+kcS3i/zY58="></latexit>

min
!ED

∑

i→I
Cg

i (pi)

<latexit sha1_base64="SKj//1U+AKb+XIBnQqNi72ttS7s="></latexit>

P i → pi → P i, ↑i ↓ I

<latexit sha1_base64="rYw6i789gArfyeSJeD+5af1YdDI=">AAACG3icbVDLSsNAFJ34rPEVdenmYlFclaRIdSMU3Oiugn1AU8tkOm2HTiZhZiKUkP9w46+4caGIK8GFf+Ok7UJbD1w4c869zL0niDlT2nW/raXlldW19cKGvbm1vbPr7O03VJRIQusk4pFsBVhRzgSta6Y5bcWS4jDgtBmMrnK/+UClYpG40+OYdkI8EKzPCNZG6jplMDiB2n3aywAuwc7fvkrCbsrAZwJSn2AON1kGsZEysO2uU3RL7gSwSLwZKaIZal3n0+9FJAmp0IRjpdqeG+tOiqVmhNPM9hNFY0xGeEDbhgocUtVJJ7dlcGyUHvQjaUpomKi/J1IcKjUOA9MZYj1U814u/ue1E92/6KRMxImmgkw/6iccdAR5UNBjkhLNx4ZgIpnZFcgQS0y0iTMPwZs/eZE0yiWvUqrcnhWr5VkcBXSIjtAp8tA5qqJrVEN1RNAjekav6M16sl6sd+tj2rpkzWYO0B9YXz+xdpzm</latexit>

P d =
∑

i→I
pi

결정변수

<latexit sha1_base64="ZxAREwsndgabahXK/gz2wcH9+jA=">AAACDXicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6EUIqOAxgomB7LrMTjpxcPbBTK8Yhv0CD36LBy8qXj179G+cxBx8FTQUVd10d0WZFBpd98OZmp6ZnZsvLZQXl5ZXVitr622d5opDi6cyVZ2IaZAigRYKlNDJFLA4knARXR+N/IsbUFqkyTkOMwhiNkhEX3CGVgor28bviEvjI9yiOTkuioIeUt/QLDSioP4AqOsX5bBSdWvuGPQv8SakSiZohpV3v5fyPIYEuWRadz03w8AwhYJLKMp+riFj/JoNoGtpwmLQgRm/U9Btq/RoP1W2EqRj9fuEYbHWwziynTHDK/3bG4n/ed0c+weBEUmWIyT8a1E/lxRTOsqG9oQCjnJoCeNK2Fspv2KKcbQJ2gy83x//Je3dmlev1c/2qo3dSRolskm2yA7xyD5pkFPSJC3CyR15IE/k2bl3Hp0X5/WrdcqZzGyQH3DePgFE9ps0</latexit>

!ED = {pi → 0}

A B C
<latexit sha1_base64="osZZ/2kJZ+GqR72FszMAmc6HgDU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbFU0mKVI8FLx4r2FpoY9lspu3SzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTjm5n/8IRK81jem0mCfkSHkg84o8ZKPWJxTpqPWTgl/XLFrbpzkFXi5aQCOZr98lcvjFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzmKTmzSkgGsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66ZmcO1nXCapQckWiwapICYmswBIyBUyIyaWUKa4vZWwEVWUGRtTyYbgLb+8Stq1qlev1u8uK41aHkcRTuAULsCDK2jALTShBQwSeIZXeHNS58V5dz4WrQUnnzmGP3A+fwBFt4/d</latexit>

P d

전력계통을
단일노드로가정

발전기 전력 수요

발전기집합 발전량

발전비용함수

최소발전량

최대발전량

전력수요

<latexit sha1_base64="oBYTS4S0QnQPi7nU6cbXDQfr3VQ="></latexit> pi :

Cg
i (pi) :

P i :

P i :

P d :

<latexit sha1_base64="qJJcrv/l/eqjkcGbsIaF9DGmmQg=">AAAB/XicbVBNS8NAEJ3Ur1q/ouLJy2JReiqJSBVPBS96q2A/oAlls922SzebsLsRSgj+Fg9eVLz6Ozz6b9y2OWjrg4HHezPMzAtizpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJZLQJol4JDsBVpQzQZuaaU47saQ4DDhtB+Obqd9+pFKxSDzoSUz9EA8FGzCCtZF69hFDHhMo9Qjm6V2WobNr5Hk9u+xUnRnQMnFzUoYcjZ795fUjkoRUaMKxUl3XibWfYqkZ4TQreYmiMSZjPKRdQwUOqfLT2fkZOjVKHw0iaUpoNFN/T6Q4VGoSBqYzxHqkFr2p+J/XTfTgyk+ZiBNNBZkvGiQc6QhNs0B9JinRfGIIJpKZWxEZYYmJNomZDNzFj5dJ67zq1qq1+4tyvZKnUYRjOIEKuHAJdbiFBjSBQArP8Apv1pP1Yr1bH/PWgpXPHMIfWJ8/2RmUVw==</latexit>

i → I :
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• 실제로모든발전기와부하는동일한모선에연결되어있지않음

• 경제급전결과, 계통에서허용되지않는조류나전압이발생할수있음

경제급전문제의한계

경제급전문제

<latexit sha1_base64="cQLelJF6Qv6cFEwQmChTk6OzwkU="></latexit>

min
!ED

∑

i→I
Cg

i (pi)

s.t. P i → pi → P i, ↑i ↓ I,
∑

i→I
pi,= PD.

<latexit sha1_base64="UaayqMU45ds3wj+/AulyvQF2DWk=">AAACInicbVDJSgNBFOxxN25Rj14ag+BBwoxIFEEQVPCoYBbIxNDTeUma9Cx2v1FDM//iwW/x4EXFk+DH2FkObgUNRVU9Xr8KEik0uu6HMzE5NT0zOzefW1hcWl7Jr65VdJwqDmUey1jVAqZBigjKKFBCLVHAwkBCNeidDPzqLSgt4ugK+wk0QtaJRFtwhlZq5g99hHs0d11QkFH/JmUtavyauDYj4+w0yzJ6RH1Dk6YRNtIB6lI/K+aa+YJbdIegf4k3JgUyxkUz/+a3Yp6GECGXTOu65ybYMEyh4BKynJ9qSBjvsQ7ULY1YCLphhjdmdMsqLdqOlX0R0qH6fcKwUOt+GNhkyLCrf3sD8T+vnmL7oGFElKQIER8taqeSYkwHhdGWUMBR9i1hXAn7V8q7TDGOtlbbgff74r+kslv0SsXS5V7heGfcxhzZIJtkm3hknxyTc3JByoSTB/JEXsir8+g8O2/O+yg64Yxn1skPOJ9fnwKjyQ==</latexit>

where !ED = {pi → 0}.

Network

A

B C

D
Power�System

A
B300 MW

100 MW

150 MW

150 MW

𝐷! = 400 MW

선로 열적 한계: 100 MW
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최적조류계산(OPF)은 경제급전과네트워크제약을통합적으로고려

목적함수 ­ 총 비용 최소화

• 전력조류방정식 (Power Flow Equation)

• 조류량제한

제약조건

<latexit sha1_base64="nblLBPqeS9LP5mA+JeCTs6XByRA="></latexit>

min
!AC

∑

i→I
Cg

i (pi)

<latexit sha1_base64="0S7Y34hfo5f2xqGNZmSh6PC1N0g="></latexit>

pftl = Glv
2
s(l) → vs(l)vr(l)

[
Gl cos(ωs(l) → ωr(l)) +Bl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

ptfl = Glv
2
r(l) → vs(l)vr(l)

[
Gl cos(ωs(l) → ωr(l))→Bl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

qftl = →(Bl +
Bsh

l

2
)v2s(l) + vs(l)vr(l)

[
Bl cos(ωs(l) → ωr(l))→Gl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

qtfl = →(Bl +
Bsh

l

2
)v2r(l) + vs(l)vr(l)

[
Bl cos(ωs(l) → ωr(l)) +Gl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

<latexit sha1_base64="n+NqWoPILZ8w9EV4y+r3e0MFYJg="></latexit>

(pftl )2 + (qftl )2 → (F l)
2, ↑l ↓ L

(ptfl )2 + (qtfl )2 → (F l)
2, ↑l ↓ L

선로 conductance

선로 susceptance

충전 susceptance

선로 열적 한계

<latexit sha1_base64="6o1R5ZZj3a6yg7T230ekAOv1tMI=">AAACGnicbZDLSsNAFIYnXmu9VV26GSxKVyUpUsVVUVCXFewFmhgm00k7dHJh5kQsoe/hwmdx4UbFleDGt3HaZqGtBwY+/vMfzpzfiwVXYJrfxsLi0vLKam4tv76xubVd2NltqiiRlDVoJCLZ9ohigoesARwEa8eSkcATrOUNLsb91j2TikfhLQxj5gSkF3KfUwJacguVK1ccnWHbzp+7AmvK8C61gT1AqvqjEZ4aLjOnWyiaZXNSeB6sDIooq7pb+LS7EU0CFgIVRKmOZcbgpEQCp4KN8naiWEzogPRYR2NIAqacdHLbCB9qpYv9SOoXAp6ovydSEig1DDztDAj01WxvLP7X6yTgnzopD+MEWEini/xEYIjwOCjc5ZJREEMNhEqu/4ppn0hCQcepM7BmL56HZqVsVcvVm+NirZSlkUP76ACVkIVOUA1dozpqIIoe0TN6RW/Gk/FivBsfU+uCkc3soT9lfP0AKMCdZQ==</latexit>

Gl :

Bl :

Bsh
l :

Fl :

모선 전압 크기

모선 전압 위상각

송전측 모선

수전측 모선

<latexit sha1_base64="GOMRVz1wjqzhjjZCKtJHdFAHUes=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2Cx1E2ZEanSVcGNywr2Ap1SMmnahmYyQ3KmUIa+ggufxYUbFbfuXPo2pu0I2vpD4Mt/ziE5vx8JrsFxvqzM2vrG5lZ2O7ezu7d/YB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5tZvTlmSvNQ3sMkYp2ADCTvc0rAWF27OO76hQr2vJwHQwbk56aL4rxQMaBS6Np5p+TMhVfBTSGPUtW69qfXC2kcMAlUEK3brhNBJyEKOBVsmvNizSJCR2TA2gYlCZjuJPONpvjMOD3cD5U5EvDc/T2RkEDrSeCbzoDAUC/XZuZ/tXYM/etOwmUUA5N08VA/FhhCPIsH97hiFMTEAKGKm79iOiSKUDAhmgzc5Y1XoXFRcsul8t1lvlpM08iiE3SKishFV6iKblEN1RFFD+gJvaBX69F6tt6s90VrxkpnjtEfWR/fIe+Zow==</latexit> vb :

ωb :

s(l) :

r(l) :

Sending�End Receiving�End
<latexit sha1_base64="+EdWODGEpBPBCIF84lyOYTEGjUY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJUkJKIVI8FLx4rmLbQhrLZbtqlm92wuxFK6G/w4kERr/4gb/4bN20O2vpg4PHeDDPzwoQzbVz321lb39jc2i7tlHf39g8OK0fHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3OV+54kqzaR4NNOEBjEeCRYxgo2VfF3jF+VBperW3TnQKvEKUoUCrUHlqz+UJI2pMIRjrXuem5ggw8owwums3E81TTCZ4BHtWSpwTHWQzY+doXOrDFEklS1h0Fz9PZHhWOtpHNrOGJuxXvZy8T+vl5roNsiYSFJDBVksilKOjET552jIFCWGTy3BRDF7KyJjrDAxNp88BG/55VXSvqp7jXrj4bravCziKMEpnEENPLiBJtxDC3wgwOAZXuHNEc6L8+58LFrXnGLmBP7A+fwBoDSN2w==</latexit>

s(l)
<latexit sha1_base64="bu/AzQMbX7Tq3N3ho04d7Qj9XEU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJUkJKIVI8FLx4rmLbQhrLZbtqlm92wuxFK6G/w4kERr/4gb/4bN20O2vpg4PHeDDPzwoQzbVz321lb39jc2i7tlHf39g8OK0fHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3OV+54kqzaR4NNOEBjEeCRYxgo2VfFXjF+VBperW3TnQKvEKUoUCrUHlqz+UJI2pMIRjrXuem5ggw8owwums3E81TTCZ4BHtWSpwTHWQzY+doXOrDFEklS1h0Fz9PZHhWOtpHNrOGJuxXvZy8T+vl5roNsiYSFJDBVksilKOjET552jIFCWGTy3BRDF7KyJjrDAxNp88BG/55VXSvqp7jXrj4bravCziKMEpnEENPLiBJtxDC3wgwOAZXuHNEc6L8+58LFrXnGLmBP7A+fwBnqyN2g==</latexit>

r(l)

<latexit sha1_base64="++ZFGDz14rU/JEsK8rkvYuJQOTE=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuCglEakuC25cVrAXaGOZTCft0MkkzpyIJeRV3LhQxK0v4s63cdpmoa0/DHz85xzOmd+PBdfgON9WYW19Y3OruF3a2d3bP7APy20dJYqyFo1EpLo+0UxwyVrAQbBurBgJfcE6/uR6Vu88MqV5JO9gGjMvJCPJA04JGGtgl+OBuE8DyKr4IaeBXXFqzlx4FdwcKihXc2B/9YcRTUImgQqidc91YvBSooBTwbJSP9EsJnRCRqxnUJKQaS+d357hU+MMcRAp8yTguft7IiWh1tPQN50hgbFers3M/2q9BIIrL+UyToBJulgUJAJDhGdB4CFXjIKYGiBUcXMrpmOiCAUTV8mE4C5/eRXa5zW3XqvfXlQa1TyOIjpGJ+gMuegSNdANaqIWougJPaNX9GZl1ov1bn0sWgtWPnOE/sj6/AEnUJR3</latexit>

pftl , qftl

<latexit sha1_base64="FHpT12Sr4HjO053503B2/QDih1A=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuCglEakuC25cVrAXaGOZTCft0MkkzpyIJeRV3LhQxK0v4s63cdpmoa0/DHz85xzOmd+PBdfgON9WYW19Y3OruF3a2d3bP7APy20dJYqyFo1EpLo+0UxwyVrAQbBurBgJfcE6/uR6Vu88MqV5JO9gGjMvJCPJA04JGGtgl+OBuE8hyKr4IaeBXXFqzlx4FdwcKihXc2B/9YcRTUImgQqidc91YvBSooBTwbJSP9EsJnRCRqxnUJKQaS+d357hU+MMcRAp8yTguft7IiWh1tPQN50hgbFers3M/2q9BIIrL+UyToBJulgUJAJDhGdB4CFXjIKYGiBUcXMrpmOiCAUTV8mE4C5/eRXa5zW3XqvfXlQa1TyOIjpGJ+gMuegSNdANaqIWougJPaNX9GZl1ov1bn0sWgtWPnOE/sj6/AEnbJR3</latexit>

ptfl , qtfl
<latexit sha1_base64="VVz63Ina7RrgDjeQI9NIQZxoHlw=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GIIOFOJFoGbCwjmA9IQtjbTJIle3vH7lwgHGls/Cs2ForY+h/s/Ddukis08cHA470ZZub5kRQGXffbWVldW9/YzGxlt3d29/ZzB4c1E8aaQ5WHMtQNnxmQQkEVBUpoRBpY4Euo+8PbqV8fgTYiVA84jqAdsL4SPcEZWqmTOxl1ElOQ55MWU30JtIUDQJZqnVzeLboz0GXipSRPUlQ6ua9WN+RxAAq5ZMY0PTfCdsI0Ci5hkm3FBiLGh6wPTUsVC8C0k9kXE3pmlS7thdqWQjpTf08kLDBmHPi2M2A4MIveVPzPa8bYu2knQkUxguLzRb1YUgzpNBLaFRo4yrEljGthb6V8wDTjaIPL2hC8xZeXSe2y6JWKpfurfPkijSNDjskpKRCPXJMyuSMVUiWcPJJn8krenCfnxXl3PuatK046c0T+wPn8AfzHmDE=</latexit>

vs(l)↭ωs(l)
<latexit sha1_base64="EFYSIrM0wIKshFOsL5IrKMMha9A=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GIIOFOJFoGbCwjmA9IQtjbTJIle3vH7lwgHGls/Cs2ForY+h/s/Ddukis08cHA470ZZub5kRQGXffbWVldW9/YzGxlt3d29/ZzB4c1E8aaQ5WHMtQNnxmQQkEVBUpoRBpY4Euo+8PbqV8fgTYiVA84jqAdsL4SPcEZWqmTOxl1El2Q55MWU30JtIUDQJZqnVzeLboz0GXipSRPUlQ6ua9WN+RxAAq5ZMY0PTfCdsI0Ci5hkm3FBiLGh6wPTUsVC8C0k9kXE3pmlS7thdqWQjpTf08kLDBmHPi2M2A4MIveVPzPa8bYu2knQkUxguLzRb1YUgzpNBLaFRo4yrEljGthb6V8wDTjaIPL2hC8xZeXSe2y6JWKpfurfPkijSNDjskpKRCPXJMyuSMVUiWcPJJn8krenCfnxXl3PuatK046c0T+wPn8AfmjmC8=</latexit>

vr(l)↭ωr(l)
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결정변수

선로 conductance

선로 susceptance

충전 susceptance

선로 열적 한계

<latexit sha1_base64="6o1R5ZZj3a6yg7T230ekAOv1tMI=">AAACGnicbZDLSsNAFIYnXmu9VV26GSxKVyUpUsVVUVCXFewFmhgm00k7dHJh5kQsoe/hwmdx4UbFleDGt3HaZqGtBwY+/vMfzpzfiwVXYJrfxsLi0vLKam4tv76xubVd2NltqiiRlDVoJCLZ9ohigoesARwEa8eSkcATrOUNLsb91j2TikfhLQxj5gSkF3KfUwJacguVK1ccnWHbzp+7AmvK8C61gT1AqvqjEZ4aLjOnWyiaZXNSeB6sDIooq7pb+LS7EU0CFgIVRKmOZcbgpEQCp4KN8naiWEzogPRYR2NIAqacdHLbCB9qpYv9SOoXAp6ovydSEig1DDztDAj01WxvLP7X6yTgnzopD+MEWEini/xEYIjwOCjc5ZJREEMNhEqu/4ppn0hCQcepM7BmL56HZqVsVcvVm+NirZSlkUP76ACVkIVOUA1dozpqIIoe0TN6RW/Gk/FivBsfU+uCkc3soT9lfP0AKMCdZQ==</latexit>

Gl :

Bl :

Bsh
l :

Fl :

모선 전압 크기

모선 전압 위상각

송전측 모선

수전측 모선

<latexit sha1_base64="GOMRVz1wjqzhjjZCKtJHdFAHUes=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2Cx1E2ZEanSVcGNywr2Ap1SMmnahmYyQ3KmUIa+ggufxYUbFbfuXPo2pu0I2vpD4Mt/ziE5vx8JrsFxvqzM2vrG5lZ2O7ezu7d/YB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5tZvTlmSvNQ3sMkYp2ADCTvc0rAWF27OO76hQr2vJwHQwbk56aL4rxQMaBS6Np5p+TMhVfBTSGPUtW69qfXC2kcMAlUEK3brhNBJyEKOBVsmvNizSJCR2TA2gYlCZjuJPONpvjMOD3cD5U5EvDc/T2RkEDrSeCbzoDAUC/XZuZ/tXYM/etOwmUUA5N08VA/FhhCPIsH97hiFMTEAKGKm79iOiSKUDAhmgzc5Y1XoXFRcsul8t1lvlpM08iiE3SKishFV6iKblEN1RFFD+gJvaBX69F6tt6s90VrxkpnjtEfWR/fIe+Zow==</latexit> vb :

ωb :

s(l) :

r(l) :

Sending�End Receiving�End
<latexit sha1_base64="+EdWODGEpBPBCIF84lyOYTEGjUY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJUkJKIVI8FLx4rmLbQhrLZbtqlm92wuxFK6G/w4kERr/4gb/4bN20O2vpg4PHeDDPzwoQzbVz321lb39jc2i7tlHf39g8OK0fHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3OV+54kqzaR4NNOEBjEeCRYxgo2VfF3jF+VBperW3TnQKvEKUoUCrUHlqz+UJI2pMIRjrXuem5ggw8owwums3E81TTCZ4BHtWSpwTHWQzY+doXOrDFEklS1h0Fz9PZHhWOtpHNrOGJuxXvZy8T+vl5roNsiYSFJDBVksilKOjET552jIFCWGTy3BRDF7KyJjrDAxNp88BG/55VXSvqp7jXrj4bravCziKMEpnEENPLiBJtxDC3wgwOAZXuHNEc6L8+58LFrXnGLmBP7A+fwBoDSN2w==</latexit>

s(l)
<latexit sha1_base64="bu/AzQMbX7Tq3N3ho04d7Qj9XEU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJUkJKIVI8FLx4rmLbQhrLZbtqlm92wuxFK6G/w4kERr/4gb/4bN20O2vpg4PHeDDPzwoQzbVz321lb39jc2i7tlHf39g8OK0fHbS1TRahPJJeqG2JNORPUN8xw2k0UxXHIaSec3OV+54kqzaR4NNOEBjEeCRYxgo2VfFXjF+VBperW3TnQKvEKUoUCrUHlqz+UJI2pMIRjrXuem5ggw8owwums3E81TTCZ4BHtWSpwTHWQzY+doXOrDFEklS1h0Fz9PZHhWOtpHNrOGJuxXvZy8T+vl5roNsiYSFJDBVksilKOjET552jIFCWGTy3BRDF7KyJjrDAxNp88BG/55VXSvqp7jXrj4bravCziKMEpnEENPLiBJtxDC3wgwOAZXuHNEc6L8+58LFrXnGLmBP7A+fwBnqyN2g==</latexit>

r(l)

<latexit sha1_base64="++ZFGDz14rU/JEsK8rkvYuJQOTE=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuCglEakuC25cVrAXaGOZTCft0MkkzpyIJeRV3LhQxK0v4s63cdpmoa0/DHz85xzOmd+PBdfgON9WYW19Y3OruF3a2d3bP7APy20dJYqyFo1EpLo+0UxwyVrAQbBurBgJfcE6/uR6Vu88MqV5JO9gGjMvJCPJA04JGGtgl+OBuE8DyKr4IaeBXXFqzlx4FdwcKihXc2B/9YcRTUImgQqidc91YvBSooBTwbJSP9EsJnRCRqxnUJKQaS+d357hU+MMcRAp8yTguft7IiWh1tPQN50hgbFers3M/2q9BIIrL+UyToBJulgUJAJDhGdB4CFXjIKYGiBUcXMrpmOiCAUTV8mE4C5/eRXa5zW3XqvfXlQa1TyOIjpGJ+gMuegSNdANaqIWougJPaNX9GZl1ov1bn0sWgtWPnOE/sj6/AEnUJR3</latexit>

pftl , qftl

<latexit sha1_base64="FHpT12Sr4HjO053503B2/QDih1A=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuCglEakuC25cVrAXaGOZTCft0MkkzpyIJeRV3LhQxK0v4s63cdpmoa0/DHz85xzOmd+PBdfgON9WYW19Y3OruF3a2d3bP7APy20dJYqyFo1EpLo+0UxwyVrAQbBurBgJfcE6/uR6Vu88MqV5JO9gGjMvJCPJA04JGGtgl+OBuE8hyKr4IaeBXXFqzlx4FdwcKihXc2B/9YcRTUImgQqidc91YvBSooBTwbJSP9EsJnRCRqxnUJKQaS+d357hU+MMcRAp8yTguft7IiWh1tPQN50hgbFers3M/2q9BIIrL+UyToBJulgUJAJDhGdB4CFXjIKYGiBUcXMrpmOiCAUTV8mE4C5/eRXa5zW3XqvfXlQa1TyOIjpGJ+gMuegSNdANaqIWougJPaNX9GZl1ov1bn0sWgtWPnOE/sj6/AEnbJR3</latexit>

ptfl , qtfl
<latexit sha1_base64="VVz63Ina7RrgDjeQI9NIQZxoHlw=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GIIOFOJFoGbCwjmA9IQtjbTJIle3vH7lwgHGls/Cs2ForY+h/s/Ddukis08cHA470ZZub5kRQGXffbWVldW9/YzGxlt3d29/ZzB4c1E8aaQ5WHMtQNnxmQQkEVBUpoRBpY4Euo+8PbqV8fgTYiVA84jqAdsL4SPcEZWqmTOxl1ElOQ55MWU30JtIUDQJZqnVzeLboz0GXipSRPUlQ6ua9WN+RxAAq5ZMY0PTfCdsI0Ci5hkm3FBiLGh6wPTUsVC8C0k9kXE3pmlS7thdqWQjpTf08kLDBmHPi2M2A4MIveVPzPa8bYu2knQkUxguLzRb1YUgzpNBLaFRo4yrEljGthb6V8wDTjaIPL2hC8xZeXSe2y6JWKpfurfPkijSNDjskpKRCPXJMyuSMVUiWcPJJn8krenCfnxXl3PuatK046c0T+wPn8AfzHmDE=</latexit>

vs(l)↭ωs(l)
<latexit sha1_base64="EFYSIrM0wIKshFOsL5IrKMMha9A=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GIIOFOJFoGbCwjmA9IQtjbTJIle3vH7lwgHGls/Cs2ForY+h/s/Ddukis08cHA470ZZub5kRQGXffbWVldW9/YzGxlt3d29/ZzB4c1E8aaQ5WHMtQNnxmQQkEVBUpoRBpY4Euo+8PbqV8fgTYiVA84jqAdsL4SPcEZWqmTOxl1El2Q55MWU30JtIUDQJZqnVzeLboz0GXipSRPUlQ6ua9WN+RxAAq5ZMY0PTfCdsI0Ci5hkm3FBiLGh6wPTUsVC8C0k9kXE3pmlS7thdqWQjpTf08kLDBmHPi2M2A4MIveVPzPa8bYu2knQkUxguLzRb1YUgzpNBLaFRo4yrEljGthb6V8wDTjaIPL2hC8xZeXSe2y6JWKpfurfPkijSNDjskpKRCPXJMyuSMVUiWcPJJn8krenCfnxXl3PuatK046c0T+wPn8AfmjmC8=</latexit>

vr(l)↭ωr(l)

제약조건

• 모선전압크기및위상각제한

• 발전기출력제약

• 전력수급균형

<latexit sha1_base64="h8GyEwGEGUID2KGaJgdBjUmdPBI="></latexit>

!AC = {pi, vb → 0; |ωb| ↑ ε; qi}

<latexit sha1_base64="UIKJkM/zHP3bwS1yqwRl97qZPvU="></latexit>

!l → ωs(l) ↑ ωr(l) → !l, ↓l ↔ L
V b → vb → V b, ↓b ↔ B

<latexit sha1_base64="GiB0btO6jsurMjeBryaGCe3TCd0="></latexit>∑

i→Ib

pi,→
∑

l: s(l)=b

pftl →
∑

l: r(l)=b

ptfl = PD
b +Gbv

2
b ↑b ↓ B

∑

i→Ib

qi,→
∑

l: s(l)=b

qftl →
∑

l: r(l)=b

qtfl = QD
b →Bbv

2
b ↑b ↓ B

<latexit sha1_base64="ewYITMvzu0SrpfdwcrMNM51/KvA="></latexit>

P i → pi → P i, ↑i ↓ I
Q

i
→ qi → Qi, ↑i ↓ I
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DC�최적조류계산근사를통한계산복잡도완화

문제의규모

• 수천개의선로와모선이존재

• 네트워크제약을만족하도록, 수백 개의발전기의출력을결정해야함

비선형(Non-Linear) 구조

• 전력조류방정식이복잡한비선형�수식으로구성됨

• 해를찾기위해많은계산이필요함

• 다수의근사가정하에전력조류를선형모델로근사

1. 유효전력 성분만고려

2. 모선 션트 Conductance 무시 및 선로저항무시

3. 전압크기 = 1.0 p.u.

4. 작은 위상차

<latexit sha1_base64="thz1RKN8aLnrYgmDT5+qTqjMwlg="></latexit>

pftl = Glv
2
s(l) → vs(l)vr(l)

[
Gl cos(ωs(l) → ωr(l)) +Bl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

ptfl = Glv
2
r(l) → vs(l)vr(l)

[
Gl cos(ωs(l) → ωr(l))→Bl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

qftl = →(Bl +
Bsh

l

2
)v2s(l) + vs(l)vr(l)

[
Bl cos(ωs(l) → ωr(l))→Gl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

qtfl = →(Bl +
Bsh

l

2
)v2r(l) + vs(l)vr(l)

[
Bl cos(ωs(l) → ωr(l)) +Gl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

<latexit sha1_base64="EnWaFx6tdYIFEIE88Vi7TiJtGQ8="></latexit>

pftl =
ωs(l) → ωr(l)

Xl
, ↑l ↓ L

ptfl =
ωr(l) → ωs(l)

Xl
, ↑l ↓ L

부록참고
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AC-OPF 최적화 문제

<latexit sha1_base64="3GiPA2S2HL7E7IlQ00dXpvJ1kJo="></latexit>

min
!AC

∑

i→I
Cg

i (pi)

s.t. !l → ωs(l) ↑ ωr(l) → !l, ↓l ↔ L
V b → vb → V b, ↓b ↔ B
P i → pi → P i, ↓i ↔ I,
Q

i
→ qi → Qi, ↓i ↔ I,

pftl = Gl v
2
s(l) ↑ vs(l)vr(l)

[
Gl cos(ωs(l) ↑ ωr(l)) +Bl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

ptfl = Gl v
2
r(l) ↑ vs(l)vr(l)

[
Gl cos(ωs(l) ↑ ωr(l))↑Bl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

qftl = ↑
(
Bl +

Bsh
l
2

)
v2s(l) + vs(l)vr(l)

[
Bl cos(ωs(l) ↑ ωr(l))↑Gl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

qtfl = ↑
(
Bl +

Bsh
l
2

)
v2r(l) + vs(l)vr(l)

[
Bl cos(ωs(l) ↑ ωr(l)) +Gl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

(pftl )2 + (qftl )2 → (F l)
2, ↓l ↔ L,

(ptfl )2 + (qtfl )2 → (F l)
2, ↓l ↔ L,

∑

i→Ib

pi,↑
∑

l: s(l)=b

pftl ↑
∑

l: r(l)=b

ptfl = PD
b +Gbv

2
b ↓b ↔ B,

∑

i→Ib

qi,↑
∑

l: s(l)=b

qftl ↑
∑

l: r(l)=b

qtfl = QD
b ↑Bbv

2
b ↓b ↔ B.
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<latexit sha1_base64="3GiPA2S2HL7E7IlQ00dXpvJ1kJo="></latexit>

min
!AC

∑

i→I
Cg

i (pi)

s.t. !l → ωs(l) ↑ ωr(l) → !l, ↓l ↔ L
V b → vb → V b, ↓b ↔ B
P i → pi → P i, ↓i ↔ I,
Q

i
→ qi → Qi, ↓i ↔ I,

pftl = Gl v
2
s(l) ↑ vs(l)vr(l)

[
Gl cos(ωs(l) ↑ ωr(l)) +Bl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

ptfl = Gl v
2
r(l) ↑ vs(l)vr(l)

[
Gl cos(ωs(l) ↑ ωr(l))↑Bl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

qftl = ↑
(
Bl +

Bsh
l
2

)
v2s(l) + vs(l)vr(l)

[
Bl cos(ωs(l) ↑ ωr(l))↑Gl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

qtfl = ↑
(
Bl +

Bsh
l
2

)
v2r(l) + vs(l)vr(l)

[
Bl cos(ωs(l) ↑ ωr(l)) +Gl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

(pftl )2 + (qftl )2 → (F l)
2, ↓l ↔ L,

(ptfl )2 + (qtfl )2 → (F l)
2, ↓l ↔ L,

∑

i→Ib

pi,↑
∑

l: s(l)=b

pftl ↑
∑

l: r(l)=b

ptfl = PD
b +Gbv

2
b ↓b ↔ B,

∑

i→Ib

qi,↑
∑

l: s(l)=b

qftl ↑
∑

l: r(l)=b

qtfl = QD
b ↑Bbv

2
b ↓b ↔ B.

AC�전력 조류 방정식의선형화
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DC-OPF 최적화 문제

<latexit sha1_base64="V+GepUzzZnEqzrgRtfLTOH0UsmY=">AAAB8HicdVDLSgMxFM34rPVVdekmWAQXMmRKqXUhFNy4rGAf0g4lk2ba0CQzJJlCGfoVblwo4tbPceffmGlHUNEDFw7n3Mu99wQxZ9og9OGsrK6tb2wWtorbO7t7+6WDw7aOEkVoi0Q8Ut0Aa8qZpC3DDKfdWFEsAk47weQ68ztTqjSL5J2ZxdQXeCRZyAg2VrqfDgJ4BT0XDUpl5NYuUd2rQOSiBTLiVSuWeLlSBjmag9J7fxiRRFBpCMda9zwUGz/FyjDC6bzYTzSNMZngEe1ZKrGg2k8XB8/hqVWGMIyULWngQv0+kWKh9UwEtlNgM9a/vUz8y+slJqz7KZNxYqgky0VhwqGJYPY9HDJFieEzSzBRzN4KyRgrTIzNqGhD+PoU/k/aFderubXbarlxnsdRAMfgBJwBD1yABrgBTdACBAjwAJ7As6OcR+fFeV22rjj5zBH4AeftE/4Ijy0=</latexit>

vb = 1.0

<latexit sha1_base64="4CIl4HRdz2UXzlLU+6x34DwggAs="></latexit>

pftl =
ωs(l) → ωr(l)

Xl
, ↑l ↓ L

ptfl =
ωr(l) → ωs(l)

Xl
, ↑l ↓ L

<latexit sha1_base64="WzyQ7yMvEkzW186h+icB1125UJk="></latexit>

→ F l ↑ pftl ↑ F l, ↓l ↔ L,

→ F l ↑ ptfl ↑ F l, ↓l ↔ L,

유효전력만 고려

유효전력만 고려

유효전력만 고려

유효전력만 고려

션트 무시
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DC-OPF 최적화 문제

<latexit sha1_base64="8LfmZJfwpFBU+J2PBp3LAtxUBBc="></latexit>

min
!DC

∑

i→I
Cg

i (pi)

s.t. !l → ωs(l) ↑ ωr(l) → !l, ↓l ↔ L
P i → pi → P i, ↓i ↔ I,

pftl =
ωs(l) ↑ ωr(l)

Xl
, ↓l ↔ L,

ptfl =
ωr(l) ↑ ωs(l)

Xl
, ↓l ↔ L,

↑ F l → pftl → F l, ↓l ↔ L,

↑ F l → ptfl → F l, ↓l ↔ L,
∑

i→Ib

pi,↑
∑

l: s(l)=b

pftl ↑
∑

l: r(l)=b

ptfl = PD
b ↓b ↔ B.

DC-OPF의 장점

• 계산속도가빠름

• 전력시장에서모선별가격(Nodal Price) 계산에 사용가능
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Economic Dispatch

<latexit sha1_base64="iO5WuzRPUcZqr+gzvwcTZACWCss="></latexit>

min
!AC

∑

i→I
Cg

i (pi)

s.t. !l → ωs(l) ↑ ωr(l) → !l, ↓l ↔ L
V b → vb → V b, ↓b ↔ B
P i → pi → P i, ↓i ↔ I,
Q

i
→ qi → Qi, ↓i ↔ I,

pftl = Gl v
2
s(l) ↑ vs(l)vr(l)

[
Gl cos(ωs(l) ↑ ωr(l)) +Bl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

ptfl = Gl v
2
r(l) ↑ vs(l)vr(l)

[
Gl cos(ωs(l) ↑ ωr(l))↑Bl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

qftl = ↑
(
Bl +

Bsh
l
2

)
v2s(l) + vs(l)vr(l)

[
Bl cos(ωs(l) ↑ ωr(l))↑Gl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

qtfl = ↑
(
Bl +

Bsh
l
2

)
v2r(l) + vs(l)vr(l)

[
Bl cos(ωs(l) ↑ ωr(l)) +Gl sin(ωs(l) ↑ ωr(l))

]
, ↓l ↔ L,

(pftl )2 + (qftl )2 → (F l)
2, ↓l ↔ L,

(ptfl )2 + (qtfl )2 → (F l)
2, ↓l ↔ L,

∑

i→Ib

pi,↑
∑

l: s(l)=b

pftl ↑
∑

l: r(l)=b

ptfl = PD
b +Gbv

2
b , ↓b ↔ B,

∑

i→Ib

qi,↑
∑

l: s(l)=b

qftl ↑
∑

l: r(l)=b

qtfl = QD
b ↑Bbv

2
b , ↓b ↔ B.

<latexit sha1_base64="+J93MJkLhflie7dQafxMCvT9mJ0="></latexit>

min
!ED

∑

i→I
Cg

i (pi)

s.t. P i → pi → P i, ↑i ↓ I,
∑

i→I
pi,= PD ↑b ↓ B.

<latexit sha1_base64="QHC5W3VCB0zguyhi5tZeuPTH3n4="></latexit>

min
!ED

∑

i→I
Cg

i (pi)

s.t. P i → pi → P i, ↑i ↓ I,
∑

i→I
pi,= PD, ↑b ↓ B.

<latexit sha1_base64="07MLaF2/kPZ+NCDwRS0nPF5+ySQ="></latexit>

min
!DC

∑

i→I
Cg

i (pi)

s.t. !l → ωs(l) ↑ ωr(l) → !l, ↓l ↔ L
P i → pi → P i, ↓i ↔ I,

pftl =
ωs(l) ↑ ωr(l)

Xl
, ↓l ↔ L,

ptfl =
ωr(l) ↑ ωs(l)

Xl
, ↓l ↔ L,

↑ F l → pftl → F l, ↓l ↔ L,

↑ F l → ptfl → F l, ↓l ↔ L,
∑

i→Ib

pi,↑
∑

l: s(l)=b

pftl ↑
∑

l: r(l)=b

ptfl = PD
b , ↓b ↔ B.

<latexit sha1_base64="0pgwmD7LPc/t5ooeL+HsNklXIdU=">AAACInicbVDJSgNBFOxxN25Rj14ao+ApzIhEEQRBBY8KZoFMDD2dl6RJz2L3GzU08y8e/BYPXlQ8CX6MneXgVtBQVNXj9asgkUKj6344E5NT0zOzc/O5hcWl5ZX86lpFx6niUOaxjFUtYBqkiKCMAiXUEgUsDCRUg97JwK/egtIijq6wn0AjZJ1ItAVnaKVm/tBHuEdz1wUFGfVvUtaixq+JazMyzk6zLKNH1Dc0aRphIx2gLvWzYq6ZL7hFdwj6l3hjUiBjXDTzb34r5mkIEXLJtK57boINwxQKLiHL+amGhPEe60Dd0oiFoBtmeGNGt63Sou1Y2RchHarfJwwLte6HgU2GDLv6tzcQ//PqKbYPGkZESYoQ8dGidiopxnRQGG0JBRxl3xLGlbB/pbzLFONoa7UdeL8v/ksqu0WvVCxd7hWOt8ZtzJENskl2iEf2yTE5JxekTDh5IE/khbw6j86z8+a8j6ITznhmnfyA8/kFnJqjwQ==</latexit>

where !ED = {pi → 0}.

<latexit sha1_base64="LXMkLYs+tqGIVGdJEN7TZkiNdIo="></latexit>

where !DC = {pi → 0; |ωb| ↑ ε}.

<latexit sha1_base64="Emc1d+6MG6zFwwWxwWtYWoJEIW8="></latexit>

where !AC = {pi, vb → 0; |ωb| ↑ ε; qi}.

DC Optimal Power Flow AC�Optimal�Power�Flow
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기동정지계획은어떤발전기를언제기동·정지시킬지결정하는문제

• 주어진시간대별부하에대한최적기동정지계획수립

부하

시간

1260 18 24

500

1000

부하

시간
1260 18 24

발전기�1

발전기�2

발전기�3

[3] D. Kirschen, “Fundamentals of Power System Economics, Second Edition”, 2018
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목적함수 ­ 총 비용 최소화

• 발전기출력제약

• 전력수급균형

제약조건

<latexit sha1_base64="9HN6sjWzdielSKsS+kcS3i/zY58="></latexit>

min
!ED

∑

i→I
Cg

i (pi)

<latexit sha1_base64="SKj//1U+AKb+XIBnQqNi72ttS7s="></latexit>

P i → pi → P i, ↑i ↓ I

<latexit sha1_base64="rYw6i789gArfyeSJeD+5af1YdDI=">AAACG3icbVDLSsNAFJ34rPEVdenmYlFclaRIdSMU3Oiugn1AU8tkOm2HTiZhZiKUkP9w46+4caGIK8GFf+Ok7UJbD1w4c869zL0niDlT2nW/raXlldW19cKGvbm1vbPr7O03VJRIQusk4pFsBVhRzgSta6Y5bcWS4jDgtBmMrnK/+UClYpG40+OYdkI8EKzPCNZG6jplMDiB2n3aywAuwc7fvkrCbsrAZwJSn2AON1kGsZEysO2uU3RL7gSwSLwZKaIZal3n0+9FJAmp0IRjpdqeG+tOiqVmhNPM9hNFY0xGeEDbhgocUtVJJ7dlcGyUHvQjaUpomKi/J1IcKjUOA9MZYj1U814u/ue1E92/6KRMxImmgkw/6iccdAR5UNBjkhLNx4ZgIpnZFcgQS0y0iTMPwZs/eZE0yiWvUqrcnhWr5VkcBXSIjtAp8tA5qqJrVEN1RNAjekav6M16sl6sd+tj2rpkzWYO0B9YXz+xdpzm</latexit>

P d =
∑

i→I
pi

발전기 집합 발전량

발전 비용 함수

최소 발전량

최대 발전량

전력 수요

<latexit sha1_base64="oBYTS4S0QnQPi7nU6cbXDQfr3VQ="></latexit> pi :

Cg
i (pi) :

P i :

P i :

P d :

<latexit sha1_base64="qJJcrv/l/eqjkcGbsIaF9DGmmQg=">AAAB/XicbVBNS8NAEJ3Ur1q/ouLJy2JReiqJSBVPBS96q2A/oAlls922SzebsLsRSgj+Fg9eVLz6Ozz6b9y2OWjrg4HHezPMzAtizpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJZLQJol4JDsBVpQzQZuaaU47saQ4DDhtB+Obqd9+pFKxSDzoSUz9EA8FGzCCtZF69hFDHhMo9Qjm6V2WobNr5Hk9u+xUnRnQMnFzUoYcjZ795fUjkoRUaMKxUl3XibWfYqkZ4TQreYmiMSZjPKRdQwUOqfLT2fkZOjVKHw0iaUpoNFN/T6Q4VGoSBqYzxHqkFr2p+J/XTfTgyk+ZiBNNBZkvGiQc6QhNs0B9JinRfGIIJpKZWxEZYYmJNomZDNzFj5dJ67zq1qq1+4tyvZKnUYRjOIEKuHAJdbiFBjSBQArP8Apv1pP1Yr1bH/PWgpXPHMIfWJ8/2RmUVw==</latexit>

i → I :
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<latexit sha1_base64="jwNWA/WYsNegoZKA63+TzqXXvfs="></latexit> pit :

Cg
i (pit) :

P i :

P i :

P d
t :

발전기 집합
시간 집합

<latexit sha1_base64="CCnVUk1boutQ7d49lOqg5XClaW0="></latexit>

i → I :

t → I :

기동정지계획(Unit�Commitment,�UC)
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목적함수 ­ 총 비용 최소화

• 발전기출력제약

• 전력수급균형

제약조건

발전량

발전 비용 함수

최소 발전량

최대 발전량

전력 수요

<latexit sha1_base64="2ga4Lfp47iMdNMrnblldU9uNtHE="></latexit>

min
∑

i→I

∑

t→T
Cg

i (pit)

<latexit sha1_base64="KozbEmIrOwhjocYd9uWhtVmOSL8="></latexit>

P i → pit → P i, ↑i ↓ I, t ↓ T

<latexit sha1_base64="zRVIekHXMqm6n7BzWg37xg+a7Zk="></latexit>

P d
t =

∑

i→I
pit, →t ↑ T

기동정지계획 모델링

1. 주어진 시간대에대하여문제확장
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<latexit sha1_base64="7VCwMlWRKJOikXU+fEqXewEP15E="></latexit> pit :

Cg
i (pit) :

P i :

P i :

P d
t :

발전기 집합
시간 집합

기동상태
기동 비용 함수

<latexit sha1_base64="q10IK0fpuUfb7CbcXza9jxqUcYA="></latexit>

i → I :

t → I :

uit :

Cu
i (uit) :

<latexit sha1_base64="+m5qe9+zlaGwm9VmfoxrI92Q7Dg="></latexit>

P iuit → pit → P iuit, ↑i ↓ I, t ↓ T

기동정지계획(Unit�Commitment,�UC)
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목적함수 ­ 총 비용 최소화

• 발전기출력제약

• 전력수급균형

제약조건

발전량

발전 비용 함수

최소 발전량

최대 발전량

전력 수요

1. 주어진 시간대에대하여문제확장

2. 발전기기동상태변수 도입

<latexit sha1_base64="ABMX1XG9k3biwRQ7iMobuHiiGxk="></latexit>

min
∑

i→I

∑

t→T
(Cg

i (pit) + Cu
i (uit))

➞ 기동시:

�������정지 시:

<latexit sha1_base64="S05ZPWPRlWrk1vdDRoqGOT/QQvk="></latexit>

P i → pit → P i, ↑i ↓ I, t ↓ T
<latexit sha1_base64="vdtKXEiw7ot5403sVwxXqFP4Uy0="></latexit>

0 → pit → 0, ↑i ↓ I, t ↓ T

<latexit sha1_base64="NP9m+maiwNp1MASdS2rZeNIEkso="></latexit>

P d
t =

∑

i→I
pit, →t ↑ T

기동정지계획 모델링

• 발전기기동시

• 발전기정지시

<latexit sha1_base64="DSRH4hufhNV1cdwBQJwxseBkh3Y=">AAACGXicbVDLSsNAFJ34rPUVdSnCYBFcSElEqstCN10oVOgL0hAm00k7dPJgZiKWkJWf4Re41S9wJ25d+QH+h5M0C9t6YOBwzr1zD8eNGBXSML61ldW19Y3N0lZ5e2d3b18/OOyKMOaYdHDIQt53kSCMBqQjqWSkH3GCfJeRnjtpZH7vgXBBw6AtpxGxfTQKqEcxkkpy9JNkkH9iNdt3t3bSMDKkMHYSKtPU0StGNZcMuEzMglRAgZaj/wyGIY59EkjMkBCWaUTSThCXFDOSlgexIBHCEzQilqIB8omwkzxBCs+UMoReyNULJMzVvxsJ8oWY+q6a9JEci0UvE//zrFh6N3ZCgyiWJMCzQ17MoAxh1gkcUk6wZFNFEOZUZYV4jDjCUjU3d+VxFlX1Yi62sEy6l1WzVq3dX1XqF0VDJXAMTsE5MME1qIMmaIEOwOAJvIBX8KY9a+/ah/Y5G13Rip0jMAft6xdGxqCM</latexit>uit
<latexit sha1_base64="ClM+pzC8quwl7OP37kU5xq+0PCs=">AAACHXicbVDLSsNAFJ3UV62vqEs3o0VwISURqW6EQjddKFToC9IQJtNpO3TyYGYilpC1n+EXuNUvcCduxQ/wP5ykWdjWAwOHc+6dezhuyKiQhvGtFVZW19Y3ipulre2d3T19/6Ajgohj0sYBC3jPRYIw6pO2pJKRXsgJ8lxGuu6knvrdB8IFDfyWnIbE9tDIp0OKkVSSox/H/ewTq9G6u7XjupEigZETU5ncQDOBjl42KplswGVi5qQMcjQd/ac/CHDkEV9ihoSwTCOUdoy4pJiRpNSPBAkRnqARsRT1kUeEHWcpEniqlAEcBlw9X8JM/bsRI0+IqeeqSQ/JsVj0UvE/z4rk8NqOqR9Gkvh4dmgYMSgDmPYCB5QTLNlUEYQ5VVkhHiOOsFTtzV15nEVVvZiLLSyTzkXFrFaq95fl2nneUBEcgRNwBkxwBWqgAZqgDTB4Ai/gFbxpz9q79qF9zkYLWr5zCOagff0CGlmhYg==</latexit>

uit = 1
<latexit sha1_base64="YNTrxn+ccD69meA5o3sbgnihYX4=">AAACHXicbVDLSsNAFJ3UV62vqEs3o0VwISURqW6EQjddKFToC9IQJtNJO3TyYGYiltC1n+EXuNUvcCduxQ/wP5ykWdjWAwOHc+6dezhuxKiQhvGtFVZW19Y3ipulre2d3T19/6Ajwphj0sYhC3nPRYIwGpC2pJKRXsQJ8l1Guu64nvrdB8IFDYOWnETE9tEwoB7FSCrJ0Y+TfvaJ1Wjd3dpJ3UgxhbGTUDm9gYo6etmoZLIBl4mZkzLI0XT0n/4gxLFPAokZEsIyjUjaCeKSYkampX4sSITwGA2JpWiAfCLsJEsxhadKGUAv5OoFEmbq340E+UJMfFdN+kiOxKKXiv95Viy9azuhQRRLEuDZIS9mUIYw7QUOKCdYsokiCHOqskI8Qhxhqdqbu/I4i6p6MRdbWCadi4pZrVTvL8u187yhIjgCJ+AMmOAK1EADNEEbYPAEXsAreNOetXftQ/ucjRa0fOcQzEH7+gUYwKFh</latexit>

uit = 0
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<latexit sha1_base64="NPmpd85iIz44iUtXRiWo6Y8iy6U=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgQsqMSHUjFNy4rGAf2JaSSdM2NJMZkjtiGbr1C9zqF7gTt/6HH+B/mLazsK0HAodz7uWeHD+SwqDrfjuZldW19Y3sZm5re2d3L79/UDNhrBmvslCGuuFTw6VQvIoCJW9EmtPAl7zuD28mfv2RayNCdY+jiLcD2leiJxhFKz2QuJMIHF8Tt5MvuEV3CrJMvJQUIEWlk/9pdUMWB1whk9SYpudG2E6oRsEkH+daseERZUPa501LFQ24aSfTxGNyYpUu6YXaPoVkqv7dSGhgzCjw7WRAcWAWvYn4n9eMsXfVToSKYuSKzQ71YkkwJJPvk67QnKEcWUKZFjYrYQOqKUNb0tyVp1lU24u32MIyqZ0XvVKxdHdRKJ+lDWXhCI7hFDy4hDLcQgWqwEDBC7zCm/PsvDsfzudsNOOkO4cwB+frF2romJ8=</latexit>

uit = 0

<latexit sha1_base64="Z3P6CdIwbSNXY+L2u2W7IOe45sU=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgQsqMSHUjFNy4rGAf2JaSSdM2NJMZkjtiGbr1C9zqF7gTt/6HH+B/mLazsK0HAodz7uWeHD+SwqDrfjuZldW19Y3sZm5re2d3L79/UDNhrBmvslCGuuFTw6VQvIoCJW9EmtPAl7zuD28mfv2RayNCdY+jiLcD2leiJxhFKz2QuJMIHF8Tr5MvuEV3CrJMvJQUIEWlk/9pdUMWB1whk9SYpudG2E6oRsEkH+daseERZUPa501LFQ24aSfTxGNyYpUu6YXaPoVkqv7dSGhgzCjw7WRAcWAWvYn4n9eMsXfVToSKYuSKzQ71YkkwJJPvk67QnKEcWUKZFjYrYQOqKUNb0tyVp1lU24u32MIyqZ0XvVKxdHdRKJ+lDWXhCI7hFDy4hDLcQgWqwEDBC7zCm/PsvDsfzudsNOOkO4cwB+frF2x/mKA=</latexit>

uit = 1

<latexit sha1_base64="qT0Nsuidjz6WY5Pxkvs3JM+6esA=">AAACAXicbVDLSgMxFL1TX7W+qi7dBIvgQsqMSHVZcOOygn1AO5RMmrahmcyQ3BHL0JVf4Fa/wJ249Uv8AP/DtJ2FbT0QOJxzL/fkBLEUBl3328mtrW9sbuW3Czu7e/sHxcOjhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDv1m49cGxGpBxzH3A/pQIm+YBSt1CRJNxU46RZLbtmdgawSLyMlyFDrFn86vYglIVfIJDWm7bkx+inVKJjkk0InMTymbEQHvG2poiE3fjqLOyFnVumRfqTtU0hm6t+NlIbGjMPAToYUh2bZm4r/ee0E+zd+KlScIFdsfqifSIIRmf6d9ITmDOXYEsq0sFkJG1JNGdqGFq48zaPaXrzlFlZJ47LsVcqV+6tS9SJrKA8ncArn4ME1VOEOalAHBiN4gVd4c56dd+fD+ZyP5pxs5xgW4Hz9AhKql/Q=</latexit>uit

<latexit sha1_base64="aWXVZ+nbhKOZWNIutBAdSB8Pvq8="></latexit>

P iuit → pit → P iuit, ↑i ↓ I, t ↓ T

<latexit sha1_base64="VHjXIknWK9/HKc+r2AU1Mm6x06g="></latexit>

min
∑

i→I

∑

t→T
(Cg

i (pit) + Cu
i (uit))

기동정지계획(Unit�Commitment,�UC)
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목적함수 ­ 총 비용 최소화

• 발전기출력제약

• 전력수급균형

• 발전기출력증감발제약

1. 주어진시간대에대하여문제확장

2. 발전기기동상태변수 도입

3. 발전기출력증감발제약추가

제약조건

<latexit sha1_base64="NP9m+maiwNp1MASdS2rZeNIEkso="></latexit>

P d
t =

∑

i→I
pit, →t ↑ T

기동정지계획 모델링

• 발전기기동시

• 발전기정지시
<latexit sha1_base64="mWNTSLZhIR6dpXgY4hjpETU9cXw="></latexit>

pit → pi,t→1 ↑ PRU
i , ↓i ↔ I, t ↔ T \ {1}

pi,t→1 → pit ↑ PRD
i , ↓i ↔ I, t ↔ T \ {1}

발전기 집합
시간 집합

기동상태
기동 비용 함수
최대 증감발량

<latexit sha1_base64="oGM5HuRPSD9sAVVntDTw3WPqrqk="></latexit>

i → I :

t → I :

uit :

Cu
i (uit) :

PRU
i , PRD

i :

<latexit sha1_base64="7VCwMlWRKJOikXU+fEqXewEP15E="></latexit> pit :

Cg
i (pit) :

P i :

P i :

P d
t :

발전량

발전 비용 함수

최소 발전량

최대 발전량

전력 수요
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발전기 집합
시간 집합

기동상태
기동 비용 함수
최대 증감발량

<latexit sha1_base64="oGM5HuRPSD9sAVVntDTw3WPqrqk="></latexit>

i → I :

t → I :

uit :

Cu
i (uit) :

PRU
i , PRD

i :

<latexit sha1_base64="WLcbSdNZtROBXoDB45q2x9f64eY="></latexit>

pit → pi,t→1 ↑ PRU
i , ↓i ↔ I, t ↔ T \ {1}

pi,t→1 → pit ↑ PRD
i , ↓i ↔ I, t ↔ T \ {1}

<latexit sha1_base64="NPmpd85iIz44iUtXRiWo6Y8iy6U=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgQsqMSHUjFNy4rGAf2JaSSdM2NJMZkjtiGbr1C9zqF7gTt/6HH+B/mLazsK0HAodz7uWeHD+SwqDrfjuZldW19Y3sZm5re2d3L79/UDNhrBmvslCGuuFTw6VQvIoCJW9EmtPAl7zuD28mfv2RayNCdY+jiLcD2leiJxhFKz2QuJMIHF8Tt5MvuEV3CrJMvJQUIEWlk/9pdUMWB1whk9SYpudG2E6oRsEkH+daseERZUPa501LFQ24aSfTxGNyYpUu6YXaPoVkqv7dSGhgzCjw7WRAcWAWvYn4n9eMsXfVToSKYuSKzQ71YkkwJJPvk67QnKEcWUKZFjYrYQOqKUNb0tyVp1lU24u32MIyqZ0XvVKxdHdRKJ+lDWXhCI7hFDy4hDLcQgWqwEDBC7zCm/PsvDsfzudsNOOkO4cwB+frF2romJ8=</latexit>

uit = 0

<latexit sha1_base64="Z3P6CdIwbSNXY+L2u2W7IOe45sU=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgQsqMSHUjFNy4rGAf2JaSSdM2NJMZkjtiGbr1C9zqF7gTt/6HH+B/mLazsK0HAodz7uWeHD+SwqDrfjuZldW19Y3sZm5re2d3L79/UDNhrBmvslCGuuFTw6VQvIoCJW9EmtPAl7zuD28mfv2RayNCdY+jiLcD2leiJxhFKz2QuJMIHF8Tr5MvuEV3CrJMvJQUIEWlk/9pdUMWB1whk9SYpudG2E6oRsEkH+daseERZUPa501LFQ24aSfTxGNyYpUu6YXaPoVkqv7dSGhgzCjw7WRAcWAWvYn4n9eMsXfVToSKYuSKzQ71YkkwJJPvk67QnKEcWUKZFjYrYQOqKUNb0tyVp1lU24u32MIyqZ0XvVKxdHdRKJ+lDWXhCI7hFDy4hDLcQgWqwEDBC7zCm/PsvDsfzudsNOOkO4cwB+frF2x/mKA=</latexit>

uit = 1

<latexit sha1_base64="qT0Nsuidjz6WY5Pxkvs3JM+6esA=">AAACAXicbVDLSgMxFL1TX7W+qi7dBIvgQsqMSHVZcOOygn1AO5RMmrahmcyQ3BHL0JVf4Fa/wJ249Uv8AP/DtJ2FbT0QOJxzL/fkBLEUBl3328mtrW9sbuW3Czu7e/sHxcOjhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDv1m49cGxGpBxzH3A/pQIm+YBSt1CRJNxU46RZLbtmdgawSLyMlyFDrFn86vYglIVfIJDWm7bkx+inVKJjkk0InMTymbEQHvG2poiE3fjqLOyFnVumRfqTtU0hm6t+NlIbGjMPAToYUh2bZm4r/ee0E+zd+KlScIFdsfqifSIIRmf6d9ITmDOXYEsq0sFkJG1JNGdqGFq48zaPaXrzlFlZJ47LsVcqV+6tS9SJrKA8ncArn4ME1VOEOalAHBiN4gVd4c56dd+fD+ZyP5pxs5xgW4Hz9AhKql/Q=</latexit>uit

<latexit sha1_base64="aWXVZ+nbhKOZWNIutBAdSB8Pvq8="></latexit>

P iuit → pit → P iuit, ↑i ↓ I, t ↓ T

<latexit sha1_base64="VHjXIknWK9/HKc+r2AU1Mm6x06g="></latexit>

min
∑

i→I

∑

t→T
(Cg

i (pit) + Cu
i (uit))

<latexit sha1_base64="7VCwMlWRKJOikXU+fEqXewEP15E="></latexit> pit :

Cg
i (pit) :

P i :

P i :

P d
t :

기동정지계획(Unit�Commitment,�UC)

22

목적함수 ­ 총 비용 최소화

• 발전기출력제약

• 전력수급균형

• 발전기출력증감발제약

• 발전기최소운전/정지시간제약,�예비력 확보량제약,�논리 제약

제약조건

발전량

발전 비용 함수

최소 발전량

최대 발전량

전력 수요

1. 주어진 시간대에대하여문제확장

2. 발전기기동상태변수 도입

3. 발전기출력증감발제약추가

4. 발전기최소운전/정지시간제약,

예비력확보량�제약,�논리 제약추가

<latexit sha1_base64="NP9m+maiwNp1MASdS2rZeNIEkso="></latexit>

P d
t =

∑

i→I
pit, →t ↑ T

기동정지계획 모델링

• 발전기기동시

• 발전기정지시

➞ 부록참고
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Part�2.

계통운영최적화 실습



AGM Tutorial Series
Electricity Market 101KPG-193 TestGrid

24

KPG-193 TestGrid

• 2022년을 기준으로한국송전망을모델링한시험계통

• 193개 모선 / 122개 발전기 / 359개 송전선로

• 공개된자료만을사용한 Open-source�Model�[4]

원전 계획정지�데이터 (실적)

모선 위치�(위도, 경도)

네트워크 데이터�(MATPOWER)

프로파일 데이터
(1시간 단위, 총 8760시간)

모선별�재생에너지 용량

[4 Song, G., & Kim, J., “KPG 193: A Synthetic Korean Power Grid Test System for Decarbonization Studies”, 2024
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Julia의 JuMP 패키지를이용한최적화모델링

결정변수

제약조건

목적함수

모델선언

<latexit sha1_base64="UaayqMU45ds3wj+/AulyvQF2DWk=">AAACInicbVDJSgNBFOxxN25Rj14ag+BBwoxIFEEQVPCoYBbIxNDTeUma9Cx2v1FDM//iwW/x4EXFk+DH2FkObgUNRVU9Xr8KEik0uu6HMzE5NT0zOzefW1hcWl7Jr65VdJwqDmUey1jVAqZBigjKKFBCLVHAwkBCNeidDPzqLSgt4ugK+wk0QtaJRFtwhlZq5g99hHs0d11QkFH/JmUtavyauDYj4+w0yzJ6RH1Dk6YRNtIB6lI/K+aa+YJbdIegf4k3JgUyxkUz/+a3Yp6GECGXTOu65ybYMEyh4BKynJ9qSBjvsQ7ULY1YCLphhjdmdMsqLdqOlX0R0qH6fcKwUOt+GNhkyLCrf3sD8T+vnmL7oGFElKQIER8taqeSYkwHhdGWUMBR9i1hXAn7V8q7TDGOtlbbgff74r+kslv0SsXS5V7heGfcxhzZIJtkm3hknxyTc3JByoSTB/JEXsir8+g8O2/O+yg64Yxn1skPOJ9fnwKjyQ==</latexit>

where !ED = {pi → 0}.

목적함수

제약조건

결정변수

<latexit sha1_base64="cQLelJF6Qv6cFEwQmChTk6OzwkU="></latexit>

min
!ED

∑

i→I
Cg

i (pi)

s.t. P i → pi → P i, ↑i ↓ I,
∑

i→I
pi,= PD.

<latexit sha1_base64="cQLelJF6Qv6cFEwQmChTk6OzwkU="></latexit>

min
!ED

∑

i→I
Cg

i (pi)

s.t. P i → pi → P i, ↑i ↓ I,
∑

i→I
pi,= PD.

“script/solve_ed.jl”

최적화 문제 ­ 경제 급전
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Julia의 PowerModels.jl 패키지를이용한최적조류계산수행

Day(1~365)�및
KPG193 경로 설정

KPG193
데이터전처리

최적조류계산
수행 패키지가결정변수,제약조건, 목적함수를자동으로만듦

“script/solve_opf.jl”

[5] C. Coffrin et al., “PowerModels.jl: An Open-Source Framework for Exploring Power Flow Formulations”, 2018
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최적조류계산수행결과

“results/opf/dispatch/dispatch_results.csv” “results/opf/graph/generation_by_fuel.png”
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Julia의 UnitCommitment.jl 패키지를이용한기동정지계획수행

Day(1~365)�및
KPG193 경로 설정

KPG193
데이터전처리

기동정지계획
수행

“script/solve_uc.jl”

패키지가결정변수,제약조건, 목적함수를자동으로만듦

기동정지계획
모델생성

[6] Alinson S. Xavier, Feng Qiu, "UnitCommitment.jl: A Julia/JuMP Optimization Package for Security-Constrained Unit Commitment », 2020
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기동정지계획수행결과

“results/uc/commitment/commitment_results.csv” “results/uc/graph/supply_and_demand.png”
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Geonho Song
Ph.D. Student | Department of Energy Engineering
Korea Institute of Energy Technology (KENTECH)
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1. 유효전력성분만고려

2. 버스 션트컨덕턴스무시및선로저항무시 ( )
<latexit sha1_base64="uQPCaWWum4pb1uAexftc/bfY8gY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg5REpHosePFYxX5AGsJmu2mXbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCS5ZGzgI1ks1I0kkWDca38787hPThiv5CJOUBQkZSh5zSsBK/kMocF8I3AtFWK25dXcOvEq8gtRQgVZY/eoPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWGeBYaVsS8Fz9PZGTxJhJEtnOhMDILHsz8T/PzyC+CXIu0wyYpItFcSYwKDz7Hw+4ZhTExBJCNbe3YjoimlCwKVVsCN7yy6ukc1n3GvXG/VWteVHEUUYn6BSdIw9doya6Qy3URhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AFN9pCR</latexit>

Rl → Xl

<latexit sha1_base64="0r1+PfICTVRp4/HkYQ2aee9nV64="></latexit>

Gb → 0, Gl =
Rl

R2
l +X2

l

→ 0, Bl = ↑ Xl

R2
l +X2

l

→ ↑ 1

Xl

<latexit sha1_base64="+7wDmOPwXaBl3AH6LcNkSujlbwI="></latexit>

pftl = Glv
2
s(l) → vs(l)vr(l)

[
Gl cos(ωs(l) → ωr(l)) +Bl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

ptfl = Glv
2
r(l) → vs(l)vr(l)

[
Gl cos(ωs(l) → ωr(l))→Bl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

<latexit sha1_base64="0Z5aIlaAjsv+lhh+lmofTFgl/Vg="></latexit>

qftl = →(Bl +
Bsh

l

2
)v2s(l) + vs(l)vr(l)

[
Bl cos(ωs(l) → ωr(l))→Gl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L

qtfl = →(Bl +
Bsh

l

2
)v2r(l) + vs(l)vr(l)

[
Bl cos(ωs(l) → ωr(l)) +Gl sin(ωs(l) → ωr(l))

]
, ↑ l ↓ L
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2. 버스 션트컨덕턴스무시및선로저항무시 ( )

3. 전압크기 = 1.0 p.u.�(��������������)��

4. 작은위상차

<latexit sha1_base64="uQPCaWWum4pb1uAexftc/bfY8gY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg5REpHosePFYxX5AGsJmu2mXbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCS5ZGzgI1ks1I0kkWDca38787hPThiv5CJOUBQkZSh5zSsBK/kMocF8I3AtFWK25dXcOvEq8gtRQgVZY/eoPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWGeBYaVsS8Fz9PZGTxJhJEtnOhMDILHsz8T/PzyC+CXIu0wyYpItFcSYwKDz7Hw+4ZhTExBJCNbe3YjoimlCwKVVsCN7yy6ukc1n3GvXG/VWteVHEUUYn6BSdIw9doya6Qy3URhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AFN9pCR</latexit>

Rl → Xl

<latexit sha1_base64="VyLmqClXvdokV2sn2aws06IYuRc=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBgyy7ItWLUPDisYL9kHYp2TTbhibZJckWytJf4cWDIl79Od78N6btHrT1wcDjvRlm5oUJZ9p43rdTWFvf2Nwqbpd2dvf2D8qHR00dp4rQBol5rNoh1pQzSRuGGU7biaJYhJy2wtHdzG+NqdIslo9mktBA4IFkESPYWOlp3AvRLfJdr1eueK43B1olfk4qkKPeK391+zFJBZWGcKx1x/cSE2RYGUY4nZa6qaYJJiM8oB1LJRZUB9n84Ck6s0ofRbGyJQ2aq78nMiy0nojQdgpshnrZm4n/eZ3URDdBxmSSGirJYlGUcmRiNPse9ZmixPCJJZgoZm9FZIgVJsZmVLIh+Msvr5LmpetX3erDVaV2kcdRhBM4hXPw4RpqcA91aAABAc/wCm+Ocl6cd+dj0Vpw8plj+APn8wfNho8M</latexit>

vb = 1.0

<latexit sha1_base64="m47+7450nAQNP8uHQpHwub3LVoY="></latexit>

pftl = +
sin(ωs(l) → ωr(l))

Xl
,

ptfl = →
sin(ωs(l) → ωr(l))

Xl

<latexit sha1_base64="gfTwwUTa/8Lj+8f0CMATYwV18eo="></latexit>

pftl =
ωs(l) → ωr(l)

Xl
,

ptfl = →
ωs(l) → ωr(l)

Xl
=

ωr(l) → ωs(l)
Xl

<latexit sha1_base64="4CAjggsCeFw/OEW6PAhyT7X02fI=">AAACMHicfVDLSgMxFM34rPVVdekmWIQWtMyIVJcFF7qsYB/QGUomTdvQTGZI7ohl6Ce58VN0o6CIW7/CtB1BW/FA4Nxz7uXmHj8SXINtv1gLi0vLK6uZtez6xubWdm5nt67DWFFWo6EIVdMnmgkuWQ04CNaMFCOBL1jDH1yM/cYtU5qH8gaGEfMC0pO8yykBI7Vzl67msuBCnwFpJ7ogiqPj70qNqyJ2SRSp8A7/29XO5e2SPQGeJ05K8ihFtZ17dDshjQMmgQqidcuxI/ASooBTwUZZN9YsInRAeqxlqCQB014yOXiED43Swd1QmScBT9SfEwkJtB4GvukMCPT1rDcW//JaMXTPvYTLKAYm6XRRNxYYQjxOD3e4YhTE0BBCFTd/xbRPFKFgMs6aEJzZk+dJ/aTklEvl69N85SiNI4P20QEqIAedoQq6QlVUQxTdoyf0it6sB+vZerc+pq0LVjqzh37B+vwCZfCpIA==</latexit>

sin(ωs(l) → ωr(l)) ↑ (ωs(l) → ωr(l))
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[7] Morales-España, G., Latorre, J. M., & Ramos, A., "Tight and compact MILP formulation for the thermal unit commitment problem", 2013
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• 발전기 on/off�상태

• 발전기 기동 결정 변수

• 발전기 정지 결정 변수

• 발전기출력

• 발전기상향/하향예비력

<latexit sha1_base64="eMU6Yi2F1oe0YljEclgeTtBN3Bs="></latexit>

min
!UC

∑

i→I

∑

t→T

(
CG

i (pit) + CU
i (vit) + CD

i (wit)
)

결정변수
<latexit sha1_base64="Huj/gBc4pk6+jfWtiqppgcTCEe4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqngqePFYwX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPpg4PHeDDPzwlQKg5735ZTW1jc2t8rblZ3dvf2D6uFR2ySZZrzFEpnobkgNl0LxFgqUvJtqTuNQ8k44uZ37nUeujUjUA05THsR0pEQkGEUrdbJBLnB2M6jWPNdbgPwlfkFqUKA5qH72hwnLYq6QSWpMz/dSDHKqUTDJZ5V+ZnhK2YSOeM9SRWNugnxx7oycWWVIokTbUkgW6s+JnMbGTOPQdsYUx2bVm4v/eb0Mo+sgFyrNkCu2XBRlkmBC5r+TodCcoZxaQpkW9lbCxlRThjahig3BX335L2lfuH7drd9f1hpuEUcZTuAUzsGHK2jAHTShBQwm8AQv8OqkzrPz5rwvW0tOMXMMv+B8fAN02Y+a</latexit>uit :

<latexit sha1_base64="eCQVQTQHuvU1di9xviELR2evsZw=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqghCwYvHCvYD0lA22027dLMbdidCCf0ZXjwo4tVf481/47bNQVsfDDzem2FmXpQKbsDzvp3S2vrG5lZ5u7Kzu7d/UD08ahuVacpaVAmluxExTHDJWsBBsG6qGUkiwTrR+G7md56YNlzJR5ikLEzIUPKYUwJWCrJ+zmGKb7F/06/WPNebA68SvyA1VKDZr371BopmCZNABTEm8L0Uwpxo4FSwaaWXGZYSOiZDFlgqScJMmM9PnuIzqwxwrLQtCXiu/p7ISWLMJIlsZ0JgZJa9mfifF2QQX4c5l2kGTNLFojgTGBSe/Y8HXDMKYmIJoZrbWzEdEU0o2JQqNgR/+eVV0r5w/bpbf7isNdwijjI6QafoHPnoCjXQPWqiFqJIoWf0it4ccF6cd+dj0Vpyiplj9AfO5w8cx5Bw</latexit>

uit = 1 :
<latexit sha1_base64="rl67eWQMPwUgLitehGC9jDzTtt4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqghCwYvHCvYD0lA22027dLMbdidCCf0ZXjwo4tVf481/47bNQVsfDDzem2FmXpQKbsDzvp3S2vrG5lZ5u7Kzu7d/UD08ahuVacpaVAmluxExTHDJWsBBsG6qGUkiwTrR+G7md56YNlzJR5ikLEzIUPKYUwJWCrJ+zmGKb7F306/WPNebA68SvyA1VKDZr371BopmCZNABTEm8L0Uwpxo4FSwaaWXGZYSOiZDFlgqScJMmM9PnuIzqwxwrLQtCXiu/p7ISWLMJIlsZ0JgZJa9mfifF2QQX4c5l2kGTNLFojgTGBSe/Y8HXDMKYmIJoZrbWzEdEU0o2JQqNgR/+eVV0r5w/bpbf7isNdwijjI6QafoHPnoCjXQPWqiFqJIoWf0it4ccF6cd+dj0Vpyiplj9AfO5w8bQpBv</latexit>

uit = 0 :
<latexit sha1_base64="hWHgFlCuPlRQaJKHNU7bnM/l6qc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqngqePFYwdZCG8pmu2mXbjZxd1IooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHLROnmvEmi2Ws2wE1XArFmyhQ8naiOY0CyR+D0e3MfxxzbUSsHnCScD+iAyVCwShaqT3uZQKn5KZXrrhVdw6ySrycVCBHo1f+6vZjlkZcIZPUmI7nJuhnVKNgkk9L3dTwhLIRHfCOpYpG3PjZ/N4pObNKn4SxtqWQzNXfExmNjJlEge2MKA7NsjcT//M6KYbXfiZUkiJXbLEoTCXBmMyeJ32hOUM5sYQyLeythA2ppgxtRCUbgrf88ippXVS9WrV2f1mpV/M4inACp3AOHlxBHe6gAU1gIOEZXuHNeXJenHfnY9FacPKZY/gD5/MHzp2PxQ==</latexit>vit :

<latexit sha1_base64="nXnYIwZT2VNUbkR9vAlEfDWUhwA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqghCwYvHCtYW0lA22027dLMbdieFEvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMvCgV3IDnfTultfWNza3ydmVnd2//oHp49GRUpilrUSWU7kTEMMElawEHwTqpZiSJBGtHo7uZ3x4zbbiSjzBJWZiQgeQxpwSsFIx7OYcpvsX+Ta9a81xvDrxK/ILUUIFmr/rV7SuaJUwCFcSYwPdSCHOigVPBppVuZlhK6IgMWGCpJAkzYT4/eYrPrNLHsdK2JOC5+nsiJ4kxkySynQmBoVn2ZuJ/XpBBfB3mXKYZMEkXi+JMYFB49j/uc80oiIklhGpub8V0SDShYFOq2BD85ZdXydOF69fd+sNlreEWcZTRCTpF58hHV6iB7lETtRBFCj2jV/TmgPPivDsfi9aSU8wcoz9wPn8AHlWQcQ==</latexit>

vit = 1 :
<latexit sha1_base64="M7r9W8EUkE7ISVF7VI/6XIj5dHk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqghCwYvHCtYW0lA22027dLMbdieFEvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMvCgV3IDnfTultfWNza3ydmVnd2//oHp49GRUpilrUSWU7kTEMMElawEHwTqpZiSJBGtHo7uZ3x4zbbiSjzBJWZiQgeQxpwSsFIx7OYcpvsXeTa9a81xvDrxK/ILUUIFmr/rV7SuaJUwCFcSYwPdSCHOigVPBppVuZlhK6IgMWGCpJAkzYT4/eYrPrNLHsdK2JOC5+nsiJ4kxkySynQmBoVn2ZuJ/XpBBfB3mXKYZMEkXi+JMYFB49j/uc80oiIklhGpub8V0SDShYFOq2BD85ZdXydOF69fd+sNlreEWcZTRCTpF58hHV6iB7lETtRBFCj2jV/TmgPPivDsfi9aSU8wcoz9wPn8AHNCQcA==</latexit>

vit = 0 :
<latexit sha1_base64="vZ1NApL294GilLp1b7yxGwtHj80=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolIFU8FLx4r2A9oQ9lsN+3SzSbuTpQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqHscJ9yM6UCIUjKKV2k+9TOCEXPdKZbfizkCWiZeTMuSo90pf3X7M0ogrZJIa0/HcBP2MahRM8kmxmxqeUDaiA96xVNGIGz+b3Tshp1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nzpC80ZyjHllCmhb2VsCHVlKGNqGhD8BZfXibN84pXrVTvLsq1Sh5HAY7hBM7Ag0uowS3UoQEMJDzDK7w5D86L8+58zFtXnHzmCP7A+fwB0CiPxg==</latexit>wit :

<latexit sha1_base64="j4lCnQUMHEprln7GAwS1tck5/wQ=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4ColIFUEoePFYwX5AGspmu2mXbnbD7kQpoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXjet7Oyura+sVnaKm/v7O7tVw4OW0ZlmrImVULpTkQME1yyJnAQrJNqRpJIsHY0up367UemDVfyAcYpCxMykDzmlICVgqdezmGCb7B33atUPdebAS8TvyBVVKDRq3x1+4pmCZNABTEm8L0Uwpxo4FSwSbmbGZYSOiIDFlgqScJMmM9OnuBTq/RxrLQtCXim/p7ISWLMOIlsZ0JgaBa9qfifF2QQX4U5l2kGTNL5ojgTGBSe/o/7XDMKYmwJoZrbWzEdEk0o2JTKNgR/8eVl0jp3/Zpbu7+o1t0ijhI6RifoDPnoEtXRHWqgJqJIoWf0it4ccF6cd+dj3rriFDNH6A+czx8eXpBx</latexit>

wit = 0 :
<latexit sha1_base64="FKO+xFAjoMwg+xfcQNKylFqGl6s=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqngqePFYwX5AG8pmu2mXbjZxdyKU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpW6iT9TOCU3PTLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+b3zslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDaz4RKUuSKLRaFqSQYk9nzZCA0ZygnllCmhb2VsBHVlKGNqGRD8JZfXiWti6pXq9buLyv1ah5HEU7gFM7Bgyuowx00oAkMJDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxVuPvw==</latexit>pit :
<latexit sha1_base64="DLzEmN9vY8QR3uQ9pUl9mb2k8jA=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEtiUgVVwU3LivYC7QxTKaTOnRyYeZEKCFufBU3LhRx61u4822cthG09YeBj/+cw5nze7HgCizryyjMzS8sLhWXSyura+sb5uZWU0WJpKxBIxHJtkcUEzxkDeAgWDuWjASeYC1vcDmqt+6ZVDwKb2AYMycg/ZD7nBLQlmvuSDflkN2mh9kR/uHjDF+4ZtmqWGPhWbBzKKNcddf87PYimgQsBCqIUh3bisFJiQROBctK3USxmNAB6bOOxpAETDnp+IIM72unh/1I6hcCHru/J1ISKDUMPN0ZELhT07WR+V+tk4B/7qQ8jBNgIZ0s8hOBIcKjOHCPS0ZBDDUQKrn+K6Z3RBIKOrSSDsGePnkWmicVu1qpXp+Wa5U8jiLaRXvoANnoDNXQFaqjBqLoAT2hF/RqPBrPxpvxPmktGPnMNvoj4+Mb+9KWiA==</latexit>

r+it , r
→
it :

• 발전기 i가 t시간에운전중(Online)

• 발전기 i가 t시간에정지중(Offline)

• 발전기 i가 t시간에 기동함(Start up)

• 발전기 i가 t시간에기동하지않음

• 발전기 i가 t시간에 정지함(Shut-down)

• 발전기 i가 t시간에정지하지않음

<latexit sha1_base64="wDwoSsh1eYpN0HRmP+7+xFFkO1Q=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4ColIFUEoePFYwX5AG8pmu22XbjZhd6KU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhYkUBj3v21lZXVvf2CxsFbd3dvf2SweHDROnmvE6i2WsWyE1XArF6yhQ8laiOY1CyZvh6HbqNx+5NiJWDzhOeBDRgRJ9wShaqfPUzQROyA3xyXW3VPZcbwayTPyclCFHrVv66vRilkZcIZPUmLbvJRhkVKNgkk+KndTwhLIRHfC2pYpG3ATZ7OYJObVKj/RjbUshmam/JzIaGTOOQtsZURyaRW8q/ue1U+xfBZlQSYpcsfmifioJxmQaAOkJzRnKsSWUaWFvJWxINWVoYyraEPzFl5dJ49z1K27l/qJcdfM4CnAMJ3AGPlxCFe6gBnVgkMAzvMKbkzovzrvzMW9dcfKZI/gD5/MHeNSQnA==</latexit>

wit = 1 :

이진변수

연속변수
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[7] Morales-España, G., Latorre, J. M., & Ramos, A., "Tight and compact MILP formulation for the thermal unit commitment problem", 2013

제약조건(Constraints)
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• 발전기출력제약

• 발전기가 t시간에 정지해 있는 경우,

• 발전기가 t시간에 기동하는 경우,

• 발전기가 t+1시간에 정지하는 경우,

• 운전중인 발전기의 경우 (Start up, Shut down x),

<latexit sha1_base64="ZNgVuyVIYZFgSMXQEL/MqFZHXU0="></latexit>

pit → r→it ↑ P i uit, ↓i ↔ I, t ↔ T ,

<latexit sha1_base64="qlLR3PemAZ9t05+t3XhTlkkDztg=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2ARBKXMiFQ3QsGNywr2Au0wZNJMG5q5kJyplKFbN76KGxeKuPUN3Pk2ZtoRtPWHwJf/nENyfi8WXIFlfRmFpeWV1bXiemljc2t7x9zda6ookZQ1aCQi2faIYoKHrAEcBGvHkpHAE6zlDa+zemvEpOJReAfjmDkB6Yfc55SAtlwTJ27KYYKv8OgH7jWcYjixs4vlmmWrYk2FF8HOoYxy1V3zs9uLaBKwEKggSnVsKwYnJRI4FWxS6iaKxYQOSZ91NIYkYMpJp5tM8JF2etiPpD4h4Kn7eyIlgVLjwNOdAYGBmq9l5n+1TgL+pZPyME6AhXT2kJ8IDBHOYsE9LhkFMdZAqOT6r5gOiCQUdHglHYI9v/IiNM8qdrVSvT0v1yp5HEV0gA7RMbLRBaqhG1RHDUTRA3pCL+jVeDSejTfjfdZaMPKZffRHxsc3cdOYLw==</latexit>

uit = vit = wi,t+1 = 0
<latexit sha1_base64="7cXsCkjalw7HnkMoJgEgZyUffp0=">AAACK3icbVBLS8NAGNz4rPEV9ehlsShCaUlEqseiF48V7AOaGDbbTbt082B3I5TQ/+PFv+JBDz7w6v9wkwaqrQMLszPzsfuNFzMqpGl+aEvLK6tr66UNfXNre2fX2NtviyjhmLRwxCLe9ZAgjIakJalkpBtzggKPkY43us78zgPhgkbhnRzHxAnQIKQ+xUgqyTWuTmDsplROIKxCyHN6n1bV1R4QCE1o2/osUplFKlmEZRHXKJs1MwdcJFZByqBA0zVe7H6Ek4CEEjMkRM8yY+mkiEuKGZnodiJIjPAIDUhP0RAFRDhpvusEHiulD/2IqxNKmKu/J1IUCDEOPJUMkByKeS8T//N6ifQvnZSGcSJJiKcP+QmDMoJZcbBPOcGSjRVBmFP1V4iHiCMsVb26KsGaX3mRtM9qVr1Wvz0vN2pFHSVwCI7AKbDABWiAG9AELYDBI3gGb+Bde9JetU/taxpd0oqZA/AH2vcPHWKjSQ==</latexit>

pit → r→it ↑ 0

pit + r+it ↓ 0

<latexit sha1_base64="tf2Uj0lFqHEgF+8HPgTowF0YIQw=">AAACD3icbVBNS8MwGE7n15xfVY9egsMhqKMVmV6EgRePE9wHbLWkWbqFpWlJUmGU/gMv/hUvHhTx6tWb/8asK6KbD4Q8eZ735c37eBGjUlnWl1FYWFxaXimultbWNza3zO2dlgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS90dXEb98TIWnIb9U4Ik6ABpz6FCOlJdesVGDkJlSlx1Bk911yovnP4yiF8BJarlm2qlYGOE/snJRBjoZrfvb6IY4DwhVmSMqubUXKSZBQFDOSlnqxJBHCIzQgXU05Coh0kmyfFB5opQ/9UOjDFczU3x0JCqQcB56uDJAayllvIv7ndWPlXzgJ5VGsCMfTQX7MoArhJBzYp4JgxcaaICyo/ivEQyQQVjrCkg7Bnl15nrROq3atWrs5K9ereRxFsAf2wSGwwTmog2vQAE2AwQN4Ai/g1Xg0no03431aWjDynl3wB8bHN0wRmt0=</latexit>

pit, r
→
it , r

+
it = 0

<latexit sha1_base64="qchXgUeOjILd7rsDKr7KrLMWP3U=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCYBlmRKoboeDGZQV7gbaUTJq2oZnMkJyplKE+gBtfxY0LRdy6d+fbmLYjaOsPgS//OYfk/H4kuAbX/bIWFpeWV1Yza9n1jc2tbXtnt6LDWFFWpqEIVc0nmgkuWRk4CFaLFCOBL1jV71+N69UBU5qH8haGEWsGpCt5h1MCxmrZh3Er4TDCl3jwA14e3+M7c8vDiTc23Jadcx13IjwPXgo5lKrUsj8b7ZDGAZNABdG67rkRNBOigFPBRtlGrFlEaJ90Wd2gJAHTzWSyzQgfGaeNO6EyRwKeuL8nEhJoPQx80xkQ6OnZ2tj8r1aPoXPRTLiMYmCSTh/qxAJDiMfR4DZXjIIYGiBUcfNXTHtEEQomwKwJwZtdeR4qp45XcAo3Z7mik8aRQfvoAB0jD52jIrpGJVRGFD2gJ/SCXq1H69l6s96nrQtWOrOH/sj6+AaqIJlS</latexit>

uit = vit = 1, wi,t+1 = 0
<latexit sha1_base64="RnouudJlsrzE5k4xQJpVum4980M="></latexit>

pit → r→it ↑ P i

pit + r+it ↓ P SU
i

<latexit sha1_base64="xmbSZNwADR/NAhiXvojHTmUD8q8=">AAACDHicbVDLSgMxFM3UV62vqks3wSIISpkRqW6EghuXFewD2qFk0kwbmskMyZ1KGfoBbvwVNy4UcesHuPNvTKcjaOuBC+eecy/JPV4kuAbb/rJyS8srq2v59cLG5tb2TnF3r6HDWFFWp6EIVcsjmgkuWR04CNaKFCOBJ1jTG15P/eaIKc1DeQfjiLkB6Uvuc0rASN1iKe4mHCb4Co9+iGPq3jSncOKkvZmyy3YKvEicjJRQhlq3+NnphTQOmAQqiNZtx47ATYgCTgWbFDqxZhGhQ9JnbUMlCZh2k/SYCT4ySg/7oTIlAafq742EBFqPA89MBgQGet6biv957Rj8SzfhMoqBSTp7yI8FhhBPk8E9rhgFMTaEUMXNXzEdEEUomPwKJgRn/uRF0jgrO5Vy5fa8VC1nceTRATpEx8hBF6iKblAN1RFFD+gJvaBX69F6tt6s99lozsp29tEfWB/f1E6Y3A==</latexit>

uit = vit = 1 = wi,t+1 = 1
<latexit sha1_base64="8UWGzfBRxpuNTNvKX0YGkzijl0E="></latexit>

pit → r→it ↑ P i

pit + r+it ↓ P SD
i

<latexit sha1_base64="RsFF17pJtMpflnoBelmxDYBxgTQ="></latexit>

pit + r+it → P i uit ↑
(
P i ↑ P SU

i

)
vit ↑

(
P i ↑ P SD

i

)
wi,t+1, ↓i ↔ I, t ↔ T ,

<latexit sha1_base64="qAPJJ91SYc3wCgmNN3ssN50MO8U=">AAACDnicbVDLSgMxFM34rPVVdekmWAqCZZgRqW6EghuXFewD2lIyaaYNzWSG5E6lDPUH3Pgrblwo4ta1O//GTFtBWw8Ezj3nXm7u8SLBNTjOl7W0vLK6tp7ZyG5ube/s5vb2azqMFWVVGopQNTyimeCSVYGDYI1IMRJ4gtW9wVXq14dMaR7KWxhFrB2QnuQ+pwSM1MkV4k7CYYwvsVvE93j4U90ZUsRw4qaF08nlHduZAC8Sd0byaIZKJ/fZ6oY0DpgEKojWTdeJoJ0QBZwKNs62Ys0iQgekx5qGShIw3U4m54xxwShd7IfKPAl4ov6eSEig9SjwTGdAoK/nvVT8z2vG4F+0Ey6jGJik00V+LDCEOM0Gd7liFMTIEEIVN3/FtE8UoWASzJoQ3PmTF0nt1HZLdunmLF+2Z3Fk0CE6QsfIReeojK5RBVURRQ/oCb2gV+vRerberPdp65I1mzlAf2B9fAMEdpl8</latexit>

uit = 1, vit = wi,t+1 = 0
<latexit sha1_base64="C1FIiGVPUt282Or9xJOzDXnZmLY="></latexit>

pit → r→it ↑ P i

pit + r+it ↓ P i

기동한계(Startup limit)내에서 운전

정지한계(Shutdown limit)내에서 운전

발전기 출력 범위 안에서 운전
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제약조건(Constraints)
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• 발전기출력감발제약

• 발전기최소운전시간

<latexit sha1_base64="9z3Y1lLEEYvix5XrunwNuFRc11o="></latexit>

pit + r+it → pi,t→1 ↑ PRU
i , ↓i ↔ I, t ↔ T ,

pi,t→1 → (pit → r→it ) ↑ PRD
i , ↓i ↔ I, t ↔ T ,

<latexit sha1_base64="Id1Y/QhndsqSh3tfxZoBrGnm98A="></latexit>

t∑

ω=t→TUi+1

vi,ω → ui,t, ↑i ↓ I, t ↓ [TUi, T ],

• 최소 운전 시간이 2시간인 경우 (𝑇𝑈! = 2)

𝑡 1 2 3 4 5 6

𝑣!" 0 0 0 1 0 0

𝑢!" 0 0 0 (a) (b) (c)

<latexit sha1_base64="/GOM9YAKusDUUHPW8d3U5CJTghU="></latexit>

(a) :
4∑

ω=4→2+1

vi,ω =
4∑

ω=3

vi,ω = 1 → ui,4

<latexit sha1_base64="j0IMULELV6rvwvpiL5E+fnsHQ50="></latexit>

(b) :
5∑

ω=5→2+1

vi,ω =
5∑

ω=4

vi,ω = 1 → ui,5

<latexit sha1_base64="QDa3Nc6Pq/argIzGeS8Cv+po4eM="></latexit>

(c) :
6∑

ω=6→2+1

vi,ω =
6∑

ω=5

vi,ω = 0 → ui,6 최소운전시간이지나면제약비활성

<latexit sha1_base64="D21vrxc4Rr088OQyBOVozF0vMvQ=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoOQg4RdCdGLEPDiMYJ5QLKE2clsMmR2dpmHEJb8hhcPinj1Z7z5N042e9DEgoaiqpvuriDhTGnX/XYKG5tb2zvF3dLe/sHhUfn4pKNiIwltk5jHshdgRTkTtK2Z5rSXSIqjgNNuML1b+N0nKhWLxaOeJdSP8FiwkBGsrTQww5Rdovoc3SJvWK64NTcDWideTiqQozUsfw1GMTERFZpwrFTfcxPtp1hqRjidlwZG0QSTKR7TvqUCR1T5aXbzHF1YZYTCWNoSGmXq74kUR0rNosB2RlhP1Kq3EP/z+kaHN37KRGI0FWS5KDQc6RgtAkAjJinRfGYJJpLZWxGZYImJtjGVbAje6svrpHNV8xq1xkO90qzmcRThDM6hCh5cQxPuoQVtIJDAM7zCm2OcF+fd+Vi2Fpx85hT+wPn8Afr3kEY=</latexit>

ui,4 = 1

<latexit sha1_base64="pEhDIQJ9OoGVOyMtmn4PteYdP2w=">AAAB83icbVDLSgNBEOyNrxhfqx69DAYhBwm7otGLEPDiMYJ5QLKE2clsMmR2dpmHEJb8hhcPinj1Z7z5N06SPWhiQUNR1U13V5hyprTnfTuFtfWNza3idmlnd2//wD08aqnESEKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdju9mfvuJSsUS8agnKQ1iPBQsYgRrK/VMP2Pn6GqKbpHfd8te1ZsDrRI/J2XI0ei7X71BQkxMhSYcK9X1vVQHGZaaEU6npZ5RNMVkjIe0a6nAMVVBNr95is6sMkBRIm0Jjebq74kMx0pN4tB2xliP1LI3E//zukZHN0HGRGo0FWSxKDIc6QTNAkADJinRfGIJJpLZWxEZYYmJtjGVbAj+8surpHVR9WvV2sNluV7J4yjCCZxCBXy4hjrcQwOaQCCFZ3iFN8c4L86787FoLTj5zDH8gfP5A/yAkEc=</latexit>

ui,5 = 1
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제약조건(Constraints)
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• 발전기최소정지시간

• 논리제약�(Logical�Constraint)

<latexit sha1_base64="z6i7Tp0vB+9lg3C/urU7R0JvRpI="></latexit>

t∑

ω=t→TDi+1

wi,ω → 1↑ ui,t, ↓i ↔ I, t ↔ [TDi, T ],

• 최소 정지 시간이 2시간인 경우 (𝑇𝐷! = 2)

𝑡 1 2 3 4 5 6

𝑤!" 0 0 0 1 0 0

𝑢!" 1 1 1 (d) (e) (f) 최소정지시간이지나면
제약비활성

<latexit sha1_base64="ZhiZA6E1JB2IL9moXP5kKAfIYy4="></latexit>

(d) :
4∑

ω=4→2+1

wi,ω =
4∑

ω=3

wi,ω = 1 → 1↑ ui,4

<latexit sha1_base64="+WNWGQeLcv+x0byVL0aFVQaPBtE="></latexit>

(e) :
5∑

ω=5→2+1

wi,ω =
5∑

ω=4

wi,ω = 1 → 1↑ ui,5

<latexit sha1_base64="7yyXaO4kkNk3xWaWRJ0j7R/9kDQ="></latexit>

(f) :
6∑

ω=6→2+1

wi,ω =
6∑

ω=5

wi,ω = 0 → 1↑ ui,6

<latexit sha1_base64="wReppxAG6kJ+NITX9BQyhDHjusg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoOQg4RdCdGLEPDiMYJ5QLKE2clsMmR2dpmHEJb8hhcPinj1Z7z5N042e9DEgoaiqpvuriDhTGnX/XYKG5tb2zvF3dLe/sHhUfn4pKNiIwltk5jHshdgRTkTtK2Z5rSXSIqjgNNuML1b+N0nKhWLxaOeJdSP8FiwkBGsrTQww5Rdovoc3SJ3WK64NTcDWideTiqQozUsfw1GMTERFZpwrFTfcxPtp1hqRjidlwZG0QSTKR7TvqUCR1T5aXbzHF1YZYTCWNoSGmXq74kUR0rNosB2RlhP1Kq3EP/z+kaHN37KRGI0FWS5KDQc6RgtAkAjJinRfGYJJpLZWxGZYImJtjGVbAje6svrpHNV8xq1xkO90qzmcRThDM6hCh5cQxPuoQVtIJDAM7zCm2OcF+fd+Vi2Fpx85hT+wPn8AflzkEU=</latexit>

ui,4 = 0

<latexit sha1_base64="47bOlZR/IMCJE9wUbL/Q/WgW4PM=">AAAB83icbVDLSgNBEOyNrxhfqx69DAYhBwm7otGLEPDiMYJ5QLKE2clsMmR2dpmHEJb8hhcPinj1Z7z5N06SPWhiQUNR1U13V5hyprTnfTuFtfWNza3idmlnd2//wD08aqnESEKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdju9mfvuJSsUS8agnKQ1iPBQsYgRrK/VMP2Pn6GqKbpHXd8te1ZsDrRI/J2XI0ei7X71BQkxMhSYcK9X1vVQHGZaaEU6npZ5RNMVkjIe0a6nAMVVBNr95is6sMkBRIm0Jjebq74kMx0pN4tB2xliP1LI3E//zukZHN0HGRGo0FWSxKDIc6QTNAkADJinRfGIJJpLZWxEZYYmJtjGVbAj+8surpHVR9WvV2sNluV7J4yjCCZxCBXy4hjrcQwOaQCCFZ3iFN8c4L86787FoLTj5zDH8gfP5A/r8kEY=</latexit>

ui,5 = 0

<latexit sha1_base64="esbXym78UDM4UkX3aY7342y0vcw="></latexit>

uit → ui,t→1 = vit → wit, ↑i ↓ I, t ↓ T ,

𝑡 t-1 t

𝑣!" 1

𝑢!" 0 1

𝑤!" 0

𝑡 t-1 t

𝑣!" 0

𝑢!" 1 0

𝑤!" 1

𝑡 t-1 t

𝑣!" 0

𝑢!" 1 1

𝑤!" 0

𝑡 t-1 t

𝑣!" 0

𝑢!" 0 0

𝑤!" 0

기동시 (Start�up) 정지 시 (Shut�down) 최소기동, 정지 제약조건과함께제약되어 𝑣!" = 𝑣!" = 0

[7] Morales-España, G., Latorre, J. M., & Ramos, A., "Tight and compact MILP formulation for the thermal unit commitment problem", 2013
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제약조건(Constraints)

38

• 예비력확보량제약

• 전력수급균형제약

<latexit sha1_base64="0T0LNcWKLxUrkgTAzWQhmgelr7M="></latexit>∑

i→I
r+it → R+

t , ↑i ↓ I,

∑

i→I
r↑it → R↑

t , ↑i ↓ I,

<latexit sha1_base64="jtEnWtkEOCAJJWkI1EnBan/s/so="></latexit>∑

b→B
P d
bt =

∑

i→I
pit, →t ↑ T
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UC 최적화 문제
<latexit sha1_base64="3IqbPYIqlUm5N7yOPo5lqDdOXAg="></latexit>

min
!UC

∑

i→I

∑

t→T

(
CG

i (pit) + CU
i (vit) + CD

i (wit)
)

s.t. pit → r↑it ↑ P i uit, ↓i ↔ I, t ↔ T ,

pit + r+it ↗ P i uit →
(
P i → P SU

i

)
vit →

(
P i → P SD

i

)
wi,t+1, ↓i ↔ I, t ↔ T ,

pit + r+it → pi,t↑1 ↗ PRU
i , ↓i ↔ I, t ↔ T ,

pi,t↑1 → (pit → r↑it ) ↗ PRD
i , ↓i ↔ I, t ↔ T ,

t∑

ω=t↑TUi+1

vi,ω ↗ ui,t, ↓i ↔ I, t ↔ [TUi, T ],

t∑

ω=t↑TDi+1

wi,ω ↗ 1→ ui,t, ↓i ↔ I, t ↔ [TDi, T ],

uit → ui,t↑1 = vit → wit, ↓i ↔ I, t ↔ T ,
∑

i→I
r+it ↑ R+

t , ↓i ↔ I,

∑

i→I
r↑it ↑ R↑

t , ↓i ↔ I,

∑

b→B
P d
bt =

∑

i→I
pit, ↓t ↔ T

<latexit sha1_base64="ViNJdYcLjlYVlnqYDPgx9Oh1wyQ="></latexit>

where !UC = {uit, yit, zit → {0, 1}; pit, r+it , r
→
it ↑ 0}
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