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Abstract

In this paper, a three-layer optimization strategy for flexible energy management of the active
distribution system under the high penetration of wind and solar renewable energy sources is introduced,
in which microgrids are responsible for providing the flexibility services to the main distribution
network. In the proposed strategy, microgrid operators provide flexibility services through distributed
generation resources, electrical storage systems, smart homes, and electric vehicles. In the first layer of
the proposed strategy, smart homes are planned considering the energy and flexibility markets and then
announce their final plan to the microgrid operator. In the second layer, microgrids plan their service
area according to the plans received from smart homes and then send their participation plan in the
energy and flexibility markets to the main distribution network operator. Eventually, in the third layer,
the main distribution network operator plans the energy and flexibility markets according to the plans
received from the microgrids. The proposed three-stage strategy is modeled as a mixed integer linear
programming problem and solved by CPLEX solver in GAMS. The proposed optimization strategy has
been implemented on several case studies and the simulation results demonstrate that this strategy can
effectively provide the flexibility capacities required for sustainable operation through cheap resources
within microgrids, thereby significantly reducing the daily costs of microgrids and distribution network.
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Figure (1): The flowchart of the three-layer optimization strategy proposed in this paper
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Figure (2): The distribution network structure of 83 bus under study in this paper

Ol g eads &l sl Sbs,lasleads 1)1 (F) o (V) GloJgaz 0 b ¥ gV Sldllas o)lge (g5lwacss 5l Jol> b

oo a5 ool (il Jsl (Sllllas 9550 4 Cond 9o (Hllllas 9 )50 13 s JS allis) sloaiyjo o5 ans oo (Lt baJsur
15 dly 0uiSTy als slbasly el (o piyillanl 3k o WbaSadin, a0 ediShy ady glaasly oS lie el oyl

sLo‘t\i..w)‘\)).'o).e‘) (:_9‘5 )o Mﬁ)ﬁs‘c onL 4\1......: L w.......v ‘_;).A.ASM.Q.J Lv ‘) ‘_g).n.\.:dUa.su‘ ‘_Q‘wa)ﬁ).m Lb:\iw);)

Sy (9,0 480ty g,k plie 5l CawdVl 4l o5 wlie sl @ 1) el s pdyBllas] glacud b 5l i
piyillanil Il 53 o8 Lt 3l Wlaidlys aaSictss, 45 wins e oLt (F) Jsaz 008 gl (ot el 05,5 (el
loaxly yoS ST Cd )b Y o) sloaSidn, b analio 1 F 5 ¥ glaaSilsy; Jimly dgm Jodd WS e raslin g
Gl g 95,8 Cuond a5 Sl SO B a5l cwnl g pdlasl L @ plaizl gl Lmoi oaiSTly adgs

ailjg, sloainie goeme axgi hB als sasmolis (F) Josor mls .l 6550 (99,8 cwod 5l yin s pdybllasil

@




AY=N A IVEY 50l faw g Cuad ojlads fo03ils Jlu /5 oo )0 diadisn la by, 4 i

Slacad b (NS Gals (-0) 5 (W-0) sla S i Jol Glalllas 3550 4 Comi oy Slalllan 3,90 50 loaSi,
25T sl Sldlas o590 50 (WD) UKo Billas ailoaiS pgai 45 090 9 Jol (Sllllas 5lae j0 s 3 |y (5 ndyBllas]
gl o8 45 5 005 sl CensVl S0 5l o5 Buobo ookl a5 o000 3l 950 5 eyiilland (sloca b

loads ool ol 4l 09,8 jluo o3 slapianm bawg lacels 5| S5

sC3
—5C4
SC6
1 3 5 7 9 11131517 19 21 23 Sce
Time (h) —5C8
aSisy, )b slalas (&)
20000
18000 sC1
16000 —S5C2
= 14000 N —SC3
=12
g 12000 —5C4
5 10000 BN
& 8000 —3C5
6000 —SC6
4000 sc7
2000
135 7 9 11131517 19 21 23 SC8
Time (h) —5C9
ol a5 b (slolis ()
18000
16000 —scl
— 14000 SC2
2 12000 sc3
2 10000 sc4
@
£ 8000 ——sC5
O 6000 —sCE
4000 sc7
2000
135 7 911131517 19 21 23 SC8
Time (h) —SC9

Sadga sladils L slals (2)

Loligh gails g Lol Al (sl ) Hb Lol b b o (gdvgy Lo (V) JSCo
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Figure (4): Scenarios related to wind speed and solar radiation, a) Wind speed, b) Solar radiation

i § iy Bllasil Jhl 53 @598 pians (59,0 0uiS Ty adgi lasaly <8 jlie o5 was oe plis (0-0) JSb (Jlie o
Slas )50 (55l @S ) Jooz 05 oo o sa [l @ juie LBlaie 5 00,8 o5 I3k ol 50 1) CowsVl 4
iy Slasl 5k 5o 55 5leo 125 Glapiasw STy Wy aaaly »ogdle pgm (Sllllas 3,50 )3 .05 0 &l ] pom
S 093 (Slalllas 3550 50 i dilig; Slaa jo 4z g JB LalS sasaslis (B) Jgur (s39e bl oS (oo 5 )Liw
ool (i Bllanl glacod )b a3 1A G0 o)) Elie yiter ptes 0 S o5 il Jl Slilllas 5,90 4
(o) S b o] dlio a5 ool i 1) pgms Slalllan )50 45 (s pipcillani] (glacied b oBanS ey (#) S
ot 1S 4l (V) 1 (V) (gl IS el (6 iy llant 3L 1o WoaSedi s, cray0 aolio 5L i s0iiS sl
Sl ;15 45 280 oo (LS Lol FIUT 45 caiS oo duslio pom 9 p93 (Slalllas 8)l90 o 1) laaSlsn ) 19,0 slwe 23
Sl 3 IS8 sl il el 08,5 o s (5 pgcilant 5lals L Ul g lallian 8,305 slao 3
a5 lmoyed 5 Llis 5 g oadh 5ls el 5o Mosig, W s piycillanl a5 oo e 4 g Slalllas 050 4 jlso i
&l 5l onnl Cawdds (5338 ol ol 5 4 (M) B () slaJgoz ailoads 5L el 5L5 5590 Toig )yl (5 iy bllasil
Mg laaxly LS )0 pd wiedige Gladils (eaxi 5 o)z (Sllllas o)l ;0 0iiS 0 Sl 022 B p)lox (Slalllas o )lse
$9) 2 el Fbllae 3,90 )3 08, aPls Jlas oS oo &5 Lawe 6 pdyBllasl Ik 50 jluo 38 Slapiaca 5 00T
sl Jgaz ;o oo dl)l gl .l 0uls pudiaid duoyo oliin (59, ey Sldllas 5 50 ;0 a5 > 0 00l pdaid ds 0 0y

A7)



AY=N A IVEY 50l faw g Cuad ojlads fo03ils Jlu /5 oo )0 diadisn la by, 4 i

sty BB jeba ]y e ailjs) sloas 52 (g pdySllasil L )0 aiadgn laails oS jlin aS 0l o uSais (V) 5 (F)
Lol Sllllas 5lae !y (6 pdsBlasil slacad,b 55 u-*-"l-' gl ool Juds a8 el ools rals

k5o Gt e it (Slalllae 5550 4 S o2ty (Slilllas 5550 50 wialise glaails (V) 5 (F) sba sz Gillas
u.)‘).vl.u 9 IR p.Ja.u p s K WY S99y P == @Lv.“.la.a Syge 4O Lﬁbu] olé) ua.‘>l.....1 JBLA? ‘).:) clasls LSJJJJJUQ_L»‘
(M) g (WFA) gladss wyls s93 JuS BB blas siyaely slp 655,50 o)l seden slaals usle
o] oy &5 wids oo olid pxiy 5 pka Slllhe o)l 1o e @ |, g pddlhsl glacud b HEaus b
0,90 5l Jol> (gilwad mmli ol pay Sldllas 0590, (5 pdullasl jIL o sielige slaails YU g 00S Al
diadgd slails uSle 4 glee  SS Sl slag 085 ity  Sladllas 5550 ,0 .ol 00l &S1L1 (A) Jaa jo il Slalllas
WS oo &S Gl (5 iy Bllassl 5L o 58

Jol GFWlae 9590 g5lwaneds 5l Jool> goue g ls (V) Jgua
Table (3): Numerical results from the simulation of the first study case

(L¥0) diljg) sbba 32 3590
Seigh sladils L Jobs ab b Jobs S | Loy | (Tl
srdySlsl | 655 s o e | gpdySlanl | g5l | SlwepSd G Js
YVEFFIN | YAV« | osYAYYIY . VY- AFID £0/) WASY/S | ) oS,
YOAYIS | -YEVYANY | —SFVAF . YISA-/A £+ 1A VEAE | Y Sy,
WYYLA | -YOOFAR | -FFASSIY . WAYAY NZA WASY/S | Y oS,
VEOVYID | -YA--AA | -FYVOYIY . ¥Y-VYE A/ VeS| F aSidy,
SANEY | YYEALS yEv-a | sFaane NN FAEYD | Lol e
AYYAV/A SYYAY-4/- | -Fassan)) ZAREATN IS T2 VST B SVl FEEVV | eganme

P99 5 Wllan 890 (g 3lwansds I Juolo goue gl «(F) Joguzr
Table (4): Numerical results from the simulation of the second study case
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Table (5): Numerical results from the simulation of the third study case
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Figure (5): Suppliers of flexible capacities in the first and second case studies, a) The first case study, b) The second case study
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Figure (6): Providers of flexible capacities in a third case study
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Table (6): Numerical results from the simulation of the fourth study case
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Table (7): Numerical results from the simulation of the fifth study case
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Table (8): Numerical results from the simulation of the sixth study case
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Figure (7): The working point of storage systems in the second and third case studies, a) Microgrid 1 in the case of the second study, b)
Microgrid 1 in the case of the third study, c) Microgrid 2 in the case of the second study, d) Microgrid 2 in the case of the third study, e)
Microgrid 3 in the case of the second study, f) Microgrid 3 in the case of the third study, g) Microgrid 4 in the case of the second study, h)

Microgrid 4 in the case of the third study
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Figure (8): Suppliers of flexible capacities in the fourth and fifth study cases, a) The fourth case study, b) The fifth case study

o5 Wl pl soleidn Joko 5 jluo 38 lapiuss 5 3B St (6510 00 4 j0 &5 a80 o0 LS (s39e dulia
olgiiin Jow 13 0gu cs“b Cude 1S5 G ylgae .).3195‘50 ol s el )ig.b Joe 90 (6,0 0,00 slras o 51 YL
s, l5b slaan 5o dslio oS soliiwl lay] cud b xSlas 5l g 00,5 solitwl 09> (e golie 5l (5 i sloceln atuslys
S0 B IYF] e o o1 5l e g 00l sty [F2] 2 po sl ras 3o o 5VL a5 al0 o (LS 3 (5 pdyBllanil g (65,
e Dl 5 S )95 Sl 4 jeame wiedisn slaails (38,5 15 )0 pae Lo 0 [F1] ez e YL slaa jo Jodo
& 3 oS Sl [YF] a2 0 5o s pdyBllasil s 6551 slo Sl slea o a5 wins oo (LS ol Consd sLodl <6l
Lol & po pl 0 golgiinn Jow j0 edigr slaails (23,5 i o o 4 g4.050 (] 4T 00 [F4]

S ol oty golgiing s bugt 5 piydlland 5 55,51 slo i csloassn e o i e ol gl Coles o
il sl 4y o8 a5 005y Ll Co il (e Sl (S heb b aiedgn laails (235 Ll s o o
S emSone b eolinn sluYauw giluaigs Jow a5 oS o Oldl soue ol IS jsbay aiiid g (5 Gllas]
sloay jo aulys (sund 5> Sy & Hme dieder Slodils g jluo i3S Glapiucs (53 b9 Jenily e SLo
e als lie slaJoe b analie )0 (95 BB jsba s pdyllanl s 6551 )5k 93 52 )3 1 piaens 4l

(QRAP!



4000
3500
3000
& 2500
g
7 2000
2
o 15
& 1500
1000
500
0
1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)
== RBMG 1 ==@=RBMG 2 RBMG 3 RBMG 4
5000
4000
3000
2000 A /
1000
/ f \ /\ |
= 0 Y . \ \ o \‘ﬁ
£ 1000 VI "
-2000
-3000
-4000
=5000
-6000
1 23 4 5 6 7 8 910111213 14 15 16 17 18 19 20 21 22 23 24
Title
=== RBMG 1 =8=RBMG 2 RBMG 3 RBMG 4

ey Gl 5,50 ()

s § oy, (5o 3190 30 (S0 ySUl (5Log 5095 (5l ouhelawsd 4y (539 yanli (1) S
Figure (9): Scheduling achieved for electric vehicles in fifth and sixth case studies, a) The fifth case study, b) The sixth case study
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Table (9): Comparison of numerical results with two papers in the same field
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