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Abstract

The development of distributed generation (based on renewable energy),
energy storage technologies implemented on low and medium voltage grid, as
well as telemetry systems and smart meters, resulted in the transition of modern
power distribution systems from passive to T
a central distribution management scheme which incorporates control and
communication systems, enabling the network operator to have an overall
supervision of the grid and to coordinate effectively the devices on it, is of utmost
importance.

The main purpose of this paper is the development of a robust
optimization software, capable of modeling any distribution power network and
optimizing its operation for the next 24 hours. Initially, all different control
methods implemented on distribution networks are described, varying from the
local control of any device, to the centralized and coordinated control of the grid.
Moreover, the advantages of this control scheme are presented in detail. The
thesis refers to the positive and negative effects of distributed generation, storage
devices and voltage regulators to the grid, as well as to the mathematical
challenges that arise from the optimization of electrical power systems.

Next, the mathematical model developed in order to simulate the
distribution networks is analyzed, as well as the details concerning the design of
the multi-objective optimization problem. Specifically, there are eight different
objective functions, for which user selects the weight factors he desires. The
optimization problem includes linear and quadratic constraints, referring to the
thermal limit of the lines, the voltage limits for every node, the characteristics of
each DG unit inverter, as well as constraints which describe the operation of the
remaining devices.

Moreover, the proposed algorithm is tested on a standard distribution
network, and specifically, it is compared to the conventional voltage regulation
method. Six different indices ( KPl1 6s) were wused to quantify
smart-grid scenario, for daily and annual operation, while a variety of other
networks are used as case studies in order to illustrate the remaining beneficial
characteristics of the algorithm. Finally, simulations of all models, as well as the
necessary calculations, are all implemented in Matlab, whereas the software
used for the optimization is | BMéds CPLEX.



Keywords

Distributed Generation, Distribution power networks, Optimal power flow,
Optimization, Energy storage, Voltage regulator, Active network, Smart grid,
Centralized coordinated control, Voltage control, Renewable energy sources
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15533 = for 111=1:24:ng(1,1) *24%0TAAN TOV Ba CUNTANPASEL OTIC WTB TNG ING VROHEAT i

1553 Atestesiprol (4, 44)/0.2625%1/VoneXas

15835 — Hprol (1, 131+ (31-VAR (1, 1) =g (1,2) *24-1)) =Hprod (:,11) *quqa: V.- .05

15536 - HDrol(:, 1414 (S1-VAR(1,1)-ng (1,2) *24-1) + (a0 (1, 1) +2) *24) =-Hprol (3, 11) *PED; +...Poc

18837 - nd

1583 - for 111=(ng(1,1)+240G(1,1)) *24+1:24: (ng (1, 1) +24nG (1,1) +nSTOX (1,1)) *24%0TAAD TOV S OVAIANGRSEL OTIC WTP TAC 2G YPAWMAT

15839 - Hprol(:, 185+ (41-VAR(1,1)-ng (1,2) “24-1) ) =Hprel (z, 11) “pppps 3...Pstor

15840 ~ Hprol (1,131 (11-VAR (1, 1) -G (1,2) *24-1) +nator (1, 1) *24) »Hpzod (, 11) *qqqa: V...07tor

15541 - ena

15842 - for 111=(ng(1,1)+2+ng(1,1)+2°nstor (1,1) +4)+24+1:241 (ng (1, 1) +2+ng (1,1) +2+nater (1, 1) +4+1) “24NcTAAn mov Ox cwpmhneefe: o7ic wTh NS 295 VRAREAT

15543 - Hprol (:, 111+ (11-VAR (1, 1) -8 (1,2) *24-1) ) =HProl (:,11) *qeqel; ¥...0c

15844 - end

15845 “3n veoush

15546 — for 111=startVAR(1,3)+1:24:9tareVAR(L, 3)+ng (1, 3) *2480TAAY fioy Ba ovumAnGeBEL OFLC MIB NG 3G VRALUAG

18847 \cesteiprol (1, 11)/0.262841/Von-¥as:

15542 — HDrol(:, 1114 (11-VAR(1,1)-0g (1,2) *24-1) )=Hprol (3, 11) *aQQ@? %...09

15568 - Hprol (1, 134+ (11-VAR(1,1)-ng (1,2) *24-1) = (ng (1, 3) +2) +24) =Hprol (1, 41) *pppps %...Pgc

15850 — end

15851 - for 11iestartVAR(2,3)+(ag(1,3)+2+09 (1, 3)) 24415241 SEATLVAR (1, 3)+ (3G (1, 3) +2+nG (1, 3) +25%0% (1,3)) *24%0thAn fou Sa ouMmANENEEL OTic WTB yoouuAe

15882 - Hprol (:,121+ (31-VAR (1, 1) -Rg (3,2) *24-1) ) "Hprol (:,31) *PPPR: \...Pator

15853 — Hprol (:, 1114 (11-VAR(1,1)-n(1,2) *24-1) +nstor (1, 3) *24) =Hprol (:,11) *qqqq; *...0stor

15884 ~ en

15855 — for 111=sTaTTVAR(1,3)+(ng(1,3) 42400 (1, 3) +2°DITOK (1,3) +4) *24+1:24:3TATVAR (L, 3) + (1G (3, 3) +241G (1, 3) 42°NaTOX (1, 3) +4+1) *24%CTAAN Tov B0 GUURANGHSEL GT(C WTB THG 2N YPGWBAC

15856 ~ Hprol (1, 144+ (14-VAR(1,1)-ng(1,2) +24-1)) =Hprol (1, 11) *qeqed; %...0c

15587 - end

15558 4n voount

18889~ 0 for 111-startVAR(L,4)+1:24:3tarcVAR(L,4)+ng(1, 4) “244emhin

15560 ¥cest=Hprol (1,11) /0.2625%1/Von"Xn

15561 - Hprol (:, 411+ (14-VAR(1,1)-ng (1,2) #24-1)) =Hprol (:,41) *qqqqs +...0%

15862 - HPTO (1,131 (11-VAR (1,1)~ng (1,2) *24-3) + (2 (3, 4) +2) *24) =-HpTo3 (1, 13) “PPED: V...Fac

15563 - end

1886~ O for 131-staTtVAR(L,4)+(ng(1,4)+2+ng(1,4)) *24+1124 19taxsVAR (1, 4)+ (g (1, 4) +2+ng (1, 4) +nzsor (1,4)) *244cAkn mou a cwsmhnesési otic BT8 NG 4N vemAC [

15565 — 1114 (11-VAR (1, 1)-ng (1,2) *24-1)) =HDXO (3, 11) "DPPP; ¥...Petor

15566 ~ Hprol (1, 4444 (31-VAR(1,1)-ng (1,2) “24-1) snatox (1, 4) *24) =Hprol (1, 1) *qeqq; ¥...0stox

15867 — end

15568 — for 1ii=startVAR(1,4)+(ng(1,4)+2+n0 (2, (1,4)+4) =241 1,4)+(80(1,4) 42480 (1, 4) +2%nstor (1, 4) +4+1) *24%0tAhn moy Sa CuuEANGWSEL OTIC UIB tng 4nC VeauuAG

18569 - Hprol (1, 111+ (31-VAR(1,1)-ng (1,2) *24-1)) =Hprel (1, 31) "qeqeds V...0c

15570 - end
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hour Qgl Qg2 Qg3 Qg4 Qg5 Qg6 Qg7 Qg8 cosl C0s2 cos3 cos4 cos5 Cos6 cos7 cos8

1 0 0 0 0 0 -1,7786 0 0] 0 0] 0 0) 0] 0,96207! 0] 0
2 0 0 0 0 0 -2,13082 0 0) 0 0] 0 0 0] 0,94686: 0] 0
3 0 0 0 0 0 -3,12228 0 0] 0 0] 0 0 0] 0,91871: 0] 0
4 0 0 0 0 0 -3,33626 0 0] 0 0] 0 0 0| 0,915533 0) 0
5 0 0 0 0 0 -3,44553 0 0] 0 0] 0] 0) 0] 0,922821 0] 0]
6 0 0 0 0 0 -3,52534 0 0] 0 0] 0 0) 0| 0,919625 0] 0
7 0 0 0 0 0 -3,90656 0 0] 0 0| 0 0) 0] 0,94443; 0] 0
8 1,89E-05 0,0001378 0,0002594 0,000158 -5,8E-06 -3,90442 -4,5E-05 -8,5E-0f 0,999719 0,915988 0,998023 0,99937
9 0,054102 0,1337423 -0,326538 -0,2721 -0,0543 -3,90665 -0,16314 -0,0541. 0,80037% 0,800: 0,800814 0,94444] 0,80029 0,80111]
10 0,130158 0,3905701 0,7810339 -0,33714 -0,13006 -3,90658 -0,3904 -0,1298! 0,953 0,85488% 0,93425% 0,822153 0,80676!
11 0,130176 0,3905987 0,781157. 0,644882 -0,13007 -3,90658 -0,39042 -0,1299 0,92397 0,91781 0,8887§ 0,88952]
12 0,13017 0,3905899 0,7811315 0,648098 -0,02845 -3,90518 -0,39009 -0,1297: 0,995549 0,902636 0,917354 0,91796¢
13 0,13017 0,3905899 0,7811284 0,479038 -0,13003 -3,90652 -0,39037 -0,129 0,925263 0,907743 0,92514 0,92545¢
14 0,130177 0,3905999 0,7811577 0,544936 -0,1301 -3,9066 -0,39045 -0,1 0,920317 0,92113% 0,920239 0,92052]
15 0,130176 0,3905995 0,7811549 0,497075 -0,13006 -3,90657 -0,39042 -0,1299: 0,900043 0,92114 0,89989 0,90028:
16 0,13016 0,3905736 0,7810785 -0,01104 -0,13006 -3,90656 -0,39031. -0,1298! 0,999963 0,890926 0,933406 0,844721 0,84631
17 0,095418 0,2865406 0,3605925 -0,47711. -0,09534 -3,90656 -0,2865 -0,0951 0,80072% 0,80089 0,944444 0,800342 0,801087
18 0,004651. -0,006349 -0,033398 -0,02787 -0,00532 -3,90634 -0,01672 -0,00491 0,964104 0,809934 0,809474 0,820929 0,944449 0,80743% 0,8346

19 0 0 0 0 0 -3,82261 0 0] 0 0] 0 0) 0] 0,95197 0] 0
20 0 0 0 0 0 -3,62716 0 0] 0 0] 0 0) 0] 0,95410: 0] 0
21 0 0 0 0 0 -3,13795 0 0] 0 0] 0 0 0] 0,95607: 0] 0
22 0 0 0 0 0 -3,10884 0 0] 0 0] 0 0 0| 0,96161 0) 0
23 0 0 0 0 0 -1,36505 0 0] 0 0] 0] 0) 0] 0,981164 0] 0
24 0 0 0 0 0 -1,23276 0 0] 0 0] 0 0) 0] 0,97671 0] 0
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tap bank  Pgcurl Pgcur2 Pgcur3 Pgcurd Pgeur5 Pgeur6  Pgeur7  Pgeur8 Pgcurl(%Pgcur2(%Pgeur3(%Pgeurd(%Pgecur5(%Pgeur6(%Pgcur7(%Pgeur8(%

7 0 0 0 0 0 0 0,000259 0 0 0 0 0 0 0 4,13E-05 0 0
7 0 0 0 0 0 0 0,000259 0 0 0 0 0 0 0 4,14E-05 0 0
8 0 0 0 0 0 0 0,000268 0 0 0 0 0 0 0 3,69E-05 0 0
8 0 0 0 0 0 0 0,000273 0 0 0 0 0 0 0 3,6E-05 0 0
8 0 0 0 0 0 0 0,000363 0 0 0 0 0 0 0  4,4E-05 0 0
8 0 0 0 0 0 0 0,000586 0 0 0 0 0 0 0 7,1E-05 0 0
@) 0 0 0 0 0 0 0,001046 0 0 0 0 0 0 0 9,32E-05 0 0
9 0 1,06E-05 1,66E-05 2,31E-05 2,74E-05 1,97E-05 0,000351. 7,35879E-05 2,42E-05 0,040114 0,020836 0,014495 0,020636 0,074167 3,94E-050,092496 0,091441
9,999999 0 1,77E-05 2,26E-05 2,77E-05 3,73E-05 5,18E-05 0,000216 0,000244874 0,000219 0,000244 0,000104 6,35E-05 0,000103 0,000713 1,92E-05 0,001123 0,00301¢
9 0 4,35E-05 5,44E-05 7,41E-05 9,77E-05 0,000237 0,0002340,079789223 0,03725 0,000203 8,45E-05 5,76E-05 9,11E-05 0,001106 2,29E-05 0,123968 0,17362¢
8 0 4,97E-05 6,8E-05 0,000108 0,000155 0,000817 1,53434 0,18806195 0,061974 0,000158 7,19E-05 5,72E-05 9,85E-05 0,002593 0,145224 0,198975 0,196711
8 0 8,01E-05 0,000134 0,000459 0,000435 0,073657 2,045312 0,22360949 0,07399 0,000214 0,000119 0,000204 0,000232 0,196843 0,199832 0,199195 0,19773¢
8 0 0,000112 0,00022 0,021134 0,39553. 0,079034 2,1126880,237272803 0,078785 0,000282 0,000185 0,00889 0,199662 0,199481 0,199964 0,199624 0,198852
8 0 0,000246 0,000451. 0,428778 0,381908 0,07633. 2,3109590,229115079 0,076114 0,000643 0,000393 0,186875 0,199738 0,199606 0,199982 0,199712 0,199037
8 0 7,55E-05 0,000124 0,000348 0,018087 0,066854 2,3107160,200822921 0,066659 0,000225 0,000124 0,000173 0,010783 0,199284 0,199961 0,199544 0,19870¢
9 0 5,93E-05 7,86E-05 0,000118 0,000168 0,001038 0,733327 0,152501544 0,049867 0,000232 0,000102 7,68E-0% 0,000131. 0,004053 0,067306 0,198432 0,194657
10 0 1,78E-05 2,19E-05 2,72E-05 3,54E-05 4,84E-050,000142 0,00021828 0,000237 0,00014 5,72E-05 3,55E-05 5,55E-05 0,000379 1,26E-05 0,00057 0,00185¢
10 0 1,58E-05 1,94E-05 2,34E-05 2,84E-05 3,99E-05 0,0001940,000183045 0,000179 0,002052 0,00084.. 0,000508 0,000739 0,005189 1,73E-05 0,007934 0,02328¢
10 0 0 0 0 0 0 0,000364 0 0 0 0 0 0 0 3,06E-05 0 0
10 0 0 0 0 0 0 0,00030. 0 0 0 0 0 0 0 2,6E-05 0 0
9 0 0 0 0 0 0 0,000274 0 0 0 0 0 0 0 2,68E-05 0 0
9 0 0 0 0 0 0 0,000299 0 0 0 0 0 0 0 2,74E-05 0 0
7 0 0 0 0 0 0 0,00026 0 0 0 0 0 0 0 3,75E-05 0 0
7 0 0 0 0 0 0 0,000257 0 0 0 0 0 0 0 4,57E-05 0 0
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Pstor nai 2 Ktor zsin zplin G I LJp constrain zbanksinzbankpliny 1 p I constrainank_feed zbanksinzbankpliny 1 p I [constraininkfeeder tap_VRap_VR_zap_VR_zp LIy w i constrain
-7,68E-06 1,00E+00 1,76E-07 0 0 0 0 1 0 0 0 0 0 0 0 0
-7,21E-06 1,00E+00 1,77E-07 1 0 0 0 0
-6,60E-06 1,000021. 1,76E-07 1 0 0 0 0
-6,00E-06 1,000027 1,77E-07 1 0 -6,3E-07 -6,3E-0]
-5,34E-06 1,000033 1,27E-07 1,000001 0 6,34E-07 6,34E-0
-4,73E-06 1,000038 8,92E-03 0 1 1

cocooocoo
o oocor

-3,96E-06 1,000042
-3,12E-06 1,000045
-2,06E-06 1,000047
-2,82E-06 1,00005
-1,93E-06 1,00005..
-1,27E-065 1,000053
-7,30E-07 1,000053
2,51E-07 1,000053
1,37E-06 1,000052
2,35E-06 1,000049
4,54E-06 1,000045
5,07E-06 1,00004
5,48E-06 1,000034
5,97E-06 1,000028
6,45E-06 1,000022
6,93E-06 1,000015
7,44E-06 1,000008

8,07E-06

116

-6,3E-08

1
1
1
1
1
1
1
1
1
1
9,
1
1

1,9e-07
2,3E-07
1,8-07
1 1,73E-07

0 7,28E-07 0 7,28E-07
07 0 7,28E-07 7,28E-07
0 0 0

,12E-07
J12E-07
J45E-07
,67E-07
J45E-07
J42E-07
,57E-07
,63E-07
,35E-07
,38E-07
,79E-03
\T7E-07
,86E-07

0
0,999999 0,99999!
1

»—\I»-

cococococococorrooo0O0OOROROOORO
cococococococococooooooooo0o00000
cococococococococoooo0000000000
cococococococococooocooooooooooooo
cocococococococoooooooooo
cococococococococooooo0000000000
cococococococococooocoooooooooooo
cococococococococooooooo0o0o000000
cococococococococoooooo0o00000000
cocococococoococoooocooooooooooooo
cococococoooooooooo0o00000000

convmOrOOOOOOOOO
conNOrOOORRLROOOO

Ccooorooooocoooroo
ocococoocoocoocococoroocoocoo
Ccocooroocooorooroo
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dv 35,3088
Ploss 29,8352
Pgcurt  14,358179 r2 K
Qg2  295,90562
Qms 501,2351
tap 10 10
bank 4 4

Kooahsb eUley U@yl U3 UsoalUseUszsoarl s GgsUy

goece Udd Umdild o htetbea aYdU 1}
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UypeglosyYeasesUU
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line(Km)

hour

J

0 0555 3,777 4,8257 10,091 12,3975 13,7565 16,5585 22,8155 24,692 27,2525 31,0795 32,7345 37,8315

vz V1 V2 v3 V4 V5 V6 V7 v8 Vo vio vl Vvi2 Vi3 delete"\ﬁ
20,06209 20,05177 20,00434 19,98949 19,94876 19,9322 19,93991 19,9996 20,10843 20,14107 20,09262 20,05011. 20,03268 20,01498 20,01498 18, 2
20,03808 20,0302 19,99496 19,98398 19,95714 19,94646 19,95478 20,00856 20,10138 20,12922 20,08869 20,0531 user:
20,05633 20,04942 20,01821. 20,00846 19,98376 19,97386 19,98052 20,02559 20,09685 20,11822 20,08355 20,0531{Q & U @1 UoUQ® ¢UdE®RUE &I
20,01763 20,01246 19,99077 19,9841 19,97311 19,96914 19,97843 20,02669 20,1042 20,12745 20,09523 20,0669{ti ET EO6 0 AU UU U¢u UET UO¢ U
20,00013 19,9987 19,99843 19,99872 20,02189 20,03285 20,05053 20,11508 20,22855 20,26258 20,23148 20204]K ¢ UEUG P UO uese U6 0O Us UL ul
20,00046 19,99996 20,0048 20,00629 20,03551. 20,04908 20,06745 20,13134 20,24252 20,27587 20,24708 20,2218]G UOT (UUT U UUs O eui ad 0O
20,06198 20,07372 20,14867 20,17339 20,31588 20,37899 20,42568 20,54577 20,82335 20,9066 20,88025 20857110 éaliEeUO e UE U1 U¢EBUA
20,01341 20,00932 19,99312 19,9882 19,98387 19,9827 19,99256 20,0393 20,15412 20,18856 20,15932 20,1336
20,00002 20,00658 20,04875 20,06292 20,13564 20,17024 20,20388 20,30828 20,55456 20,62865 20,5901 20,55516 20 50T 20, 520720, 52007 =5 T
20,00001. 20,02169 20,14419 20,18457 20,34656 20,35665 20,37809 20,44454 20,6083 20,65718 20,61127 20,56916 20,55179 20,53427. 20,5342". 188 212
20,00001. 20,03116 20,20644 20,26407 20,49909 20,52635 20,55972 20,50427 20,68859 20,71461. 20,67123 20,63599 20,6217 20,6065”. 20,6065 188 212
20,00001. 20,03116 20,20522 20,26249 20,4879 20,50225 20,52916 20,54423 20,5962 20,60661. 20,56539 20,53535 20,52337 20,50967 20,50967 188 212
20,00001. 20,03116 20,2054 20,26283 20,48777 20,49924 20,52584 20,5602 20,61483 20,62888 20,58578 20,55529 20,54319 20,52905 20,52905 188 21,2
20,00001. 20,03116 20,20643 20,26416 20,49456 20,52064 20,55654 20,61046 20,70946 20,73705 20,69073 20,65664 20,64302 20,62753 20,62753 188 21,2
20,00001. 20,03116 20,20768 20,2658 20,50511. 20,53142 20,56694 20,61714 20,7073 20,733 20,68388 20,64473 20,6289 20,61183 20,61183 188 212
20,00002 20,0217 20,14527 20,18612 20,35021. 20,35528 20,37728 20,43218 20,57365 20,615 20,56163 20,51438 20,49499 20,47546 20,47546 188 212
20,00002 20,00727 20,05298 20,06847 20,13497 20,13258 20,14954 20,23366 20,43975 20,50197 20,4479 20,3985, 20,37817 20,35802 20,35802 188 212
20,00074 19,99348 19,96446 19,95565 19,94754 19,94552 19,96337 20,04804 20,25599 20,31837 20,26544 20,2189, 20,19983 20,1805. 20,1805.. 188 21,2
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