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Short Abstract

In this paper, a real-time control method is proposed for the energy management of a grid-connected microgrid including fuel cell, photovoltaic panels
(PV) as distributed energy resources (DERs), and battery as energy storage system (ESS). The control method is based on model predictive control
(MPC) and optimized using the particle swarm optimization (PSO) algorithm. By modeling the control method, predictive data obtained from simulating
microgrid performance at each instance are utilized. Real-time microgrid control is then performed by combining these predicted data with real-time
measurements. The purpose of this control method is to achieve integrated management of the microgrid and reduce changes in the battery’s state of
charge (SoC) and fuel cell’s level of hydrogen (LoH). This reduction helps minimize excessive usage of the battery and fuel cell, thus reducing their
depreciation. Moreover, the proposed control method enables PV and fuel cell to supply most of the required demand, with excess electric power being
sold to the main grid. Additionally, the battery functions to absorbs power fluctuations, as demonstrated in the simulation results investigating these
objectives.
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1-  Short Introduction

The rising cost of fossil fuels, coupled with their detrimental impact on the environment, underscores the imperative to embrace renewable energy
sources and decentralized systems that cause less pollution, such as FC. Traditionally, PV systems have served as primary generators, while battery and
FC units have been utilized solely for energy storage purposes. Various control strategies, including hysteresis band control, consumption strategy and
equivalent minimization, have been used in the energy management system to optimize hydrogen storage. In general, MPC has generally been employed
to regulate FCs, aiming to minimize operational costs while accounting for the operational limitations of microgrid equipment and resources.

2-  Proposed Work and Methodology

In this paper, the proposed control method is utilized for real-time control and management of a microgrid based on Model Predictive Control (MPC).
The microgrid comprises four main components: photovoltaic panels, the main electrical energy grid, a fuel cell, and a lithium battery. MPC is employed
to incorporate predicted data and define the objective function, which aims to minimize excessive utilization of the fuel cell and lithium battery while
maximizing their lifespan and considering operational constraints. Furthermore, effective management of fluctuations in energy supply and demand is
addressed, along with reducing reliance on the main grid for energy procurement. The objective function is optimized using the Particle Swarm
Optimization algorithm, and the resulting control signals are applied to the microgrid to enable real-time control and management.

For the simulation stage of the microgrid, two scenarios have been considered, with differences observed in the electric power generated by the PV
panels. In the first scenario, PV production exhibits fewer fluctuations and has a broader range compared to the second scenario. This variation is
explored to investigate the impact of renewable energy production and its fluctuations on the microgrid's performance with the proposed control method.
Consequently, the State of Charge (SoC) of the battery and the Lifetime Operating Hours (LoH) of the fuel cell are compared and analyzed. Additionally,
to evaluate the optimal utilization of power generated by the fuel cell, the microgrid's power curve, including power exchanged with the main grid,
lithium battery, and fuel cell, is presented.

Based on the simulation results, for both scenarios, the reference SoC is set at 60%, and the reference LoH value is set at 70%. With the proposed
method, the maximum deviation from these reference values is approximately 10% in both cases. This minimal deviation helps reduce depreciation and
damage to the battery and fuel cell. The electricity generated by the fuel cell and battery is utilized to meet the demand, with excess energy being sold
back to the main grid. The battery primarily serves to absorb demand fluctuations and generate electrical energy, hence exhibiting greater variations.

3-  Conclusion

The simulation results illustrate that the suggested control method effectively controls the microgrid in real-time, aligning with the specified objectives.
The difference in SoC of the battery and the LoH-related to the fuel cell is about 10% at most, which reduces the excessive use of these resources and
their depreciation. Analyzing the microgrid power curve curve reveals that the majority of the required energy demand is met by the fuel cell and
photovoltaic panels. The battery, on the other hand, bridges the gap by supplying additional power during fluctuations, thereby reducing the need to
purchase energy from the grid. Moreover, surplus energy is effortlessly sold back to the main grid, further optimizing resource utilization.

4-  References

[1] E. Crespi, G. Guandalini, G. N. Cantero, and S. Campanari, ‘Dynamic Modeling of a PEM Fuel Cell Power Plant for Flexibility Optimization
and Grid Support’, Energies, vol. 15, no. 13, pp. 1-23, 2022, doi: 10.3390/en15134801.

[2] K. Kumar, M. Alam, and V. Dutta, ‘Energy management strategy for integration of fuel cell-electrolyzer technologies in microgrid’, Int. J.
Hydrogen Energy, vol. 46, no. 68, pp. 33738-33755, 2021, doi: 10.1016/j.ijhydene.2021.07.203.

[3] X. Chen, W. Cao, Q. Zhang, S. Hu, and J. Zhang, ‘Artificial Intelligence-Aided Model Predictive Control for a Grid-Tied Wind-Hydrogen-

Fuel Cell System’, IEEE Access, vol. 8. pp. 92418-92430, 2020. doi: 10.1109/ACCESS.2020.2994577.


mailto:g_zadeh@tabrizu.ac.ir

AR gl...oo)Lo.u

VFY 50l oF o)l OF Al 3 55 oKiils (5, owdigeo aloo [ FYF

g o 2ol Jowo jlooliiwl b g ousSTy audgh aubio b asilp y (289 yloy o oo g J S
0¥ 9x Jol slis

Juiogy Lo

0015 e vz

ouuS>

e

5 oSy qulio plyie o SKlilygss sla iy o sy Sl 45 & e (585 e 5 S (sl o8l oo A sy o calin 53
Pl skt wi o8l 5l g 0ad (il cJoe 2 (e e S5 bl (JAEST (g, cnl el oad sleiiioy (551 (s5leo oS ) 5L
St ooy flgie 4y aSid gy o0 Sae (g5lwand ol ol caway slaosls leslatuwl Sl s i J 7S ol ool solatul (g 5luaings sl Iy
By Hloy Dyge a4 aShh, S csladaxd slas pSoslail 5 2Bl o sbeosls 5 oalds giw i ooty 1l sl oslaiwl b oS o w2l )8 1) diges 0 )0 00l
el el oS Sl (BB g S (59,0 v 9 5L 5)LE Sandg 0 Dlnis el il 4z ) LSh Cupae g J5ES (g, nl 5l Bae 09 o0l
5 0oy adgs lie g adsi (S SUl ol 5l eslinul mizan 358 0 (B9 Ji 5 6L el 5 (B9 S 5 6L Sl gy e eslina]
ol et S o8 ABlo (e a5 55 bl 2815 sl 55t 3 eslisid 5 Lol oKt (KA (551 w5 S Ban b e

oS wlols

(g e g Joe p (e e JAES 0alS Ty adgi mlie b (B g i Sy (aBly lej o e (I3 S pele e (B9 S

oot &y B gw by Sl sloaSili ;) 58S Gl A oSl
ol oals o )Lal oyl 51 golans 4y dslsl jo aS 518 5929 0uiSTy adsi mlie
slo,silis plse a4 Sllgeid (b il 5 aSidy ) (ol jo o S jsb 4
53 &5l laslue p25 Glgie a4 Ladd ( SB g g 5L Glaasly 5 adsl
S sty asile alises J S slas il al [V &1 wloas a8 5 L
Cupde plass 50 Jolas ilolaz g Bras 31l () s Wb
2 el @by S5 4 3g,00e dige ilue S Bua b (S S (65 )
Gl 5 Sollggth oy S JSite pedtes bz et
JFS ly Sl S50 = oils S5 5l s
@ 65k 3L Cendy 5 (Bow a0l wle e ol sla il
syl sy Seysl iHl sln oy Sl abi b ol s
[0 Al ol onss sl pdyasazs
s,elis el (oS Clasie 5l eolaal Ko Sl
et ildae sl B ow J 9 3900 S5 axly (SGlggns
i polis ol G 53 8551 S e s S O Gilol oS 2
Shae 008 J 55 asile looasiS 58 ol msy (s3boJas (ol 3l 955000
(ol pln ol oals solazul g iSTas ahd o yolie oSl gl (5310
abhs cdl> 5l S b b I gabhs Jhsl bgildas ol 5l Gas
9> Ol @iz cly e plg ahad 2She Sl 4 LS ST

03l 30wl drs 1 s 00 b o
g_zadeh@tabrizu.ac.ir : gt 00k g Juoo!

VEY/-8 N i Jlol o b
VECYMNNE allie ol (la)g b
VE-YAYNA wallie 5l o)l

doddo =)

e Sy e s ol e 4y Lond slacS gu 4 e il
e g 00iSTy adgi 9 pdanass slas il 5l eoliul 4 5L oyl (codg
R b D oS e a5 ew slode dex 5 xS SauVT L
@ azg b pdinaes glaghyl p e (oSl 655l adgi jshaea (>
Siwo 3 a5 alep g O Sl pass bl oty 4 dagy T uite Cools
L;'Jb)‘Luo).:.‘i:) 'ALé.)l «JS...M u.u‘ J> LY SaS 6‘)‘.’ .Q)LJ 3929 L;J)"S‘” 6))"‘
ol g eolatul liee conl e (S SU (6551 adgs mlie b5,
5 3 SzgS wbie ;0 SO uSUl (65 5l sloaSil drwgr ailyl o oaSil
pleol 1) baslue ;>3 5 (65,50 mbe g wijle iy Sl 1) yion (6 pdylasil
w0asSTy adgs wlie 5 pluasass slacssl 5l eolinal ogdle [V Y] anles
Sl AV ey s w55 S (551 e lyie @ (255 sloy
oley Sae slp @551 el eblB 5 a,0en JSB 4 (6551 (g3l e
2 S 0 e SloaSdyy ) onlpliy Wigdh oo i3t (5 5 Yo L
ORI 5 @l 1wt o0 SSllgeid sladn g (Shesen (g
23 Sy SSlggtd slady 6yl B s plysans 655 e
oolitul s jo [0 F] oS Wil 1) (59 ,00m 5l eoliiul § (g 5luo w3 adgs
ey (Sl laslee 35 5 SSlseid lads 5 (SS9 Sy
Dileies pile |y bl 5l JSaste syt Slapincs aslllas



AR u;ol...oo)Lo...u

VFT 50l oF o )lads OF Al 3 55 oKiils (5, owdige dloea [ FYO

5 g ol paSil Oluye JBlas 0 oSl bl S ololils
2 s it sl il 5 ool o0t a5 590 izl
s S ales )0 weedion b))l Cmiie S seaiS (i
Dedin (o) (F g S 0 5o p S gn

Slasmiin el » Joe (i S by, 5l AYE] ez e 0
)| J&M&A G‘O)JP > BN u’a}i..wo d.i,..w)a) uly o pde Lgl).l ‘5,40 9 u"
ous oolawl (gjlwe pzd P L ol o g uL.l Skl gexd LSLQQL*-'
el @il gladise Gaile) Sl 4 3lmal (pl Gaa ool
4 ool 90 (6 5lw0 158 s g pdaduazs lags il 5l eolaiul 5 Lol
ol Gl polie 5l eolail (g jlodigs 4l 5o (B Gae iolal
S S (655 ity lacdad pae 56 YV g j0 j0 T 5 odle
JrsS ol 99,5 sloesls plgie 4y lsm o O loim Gty 258 L
Slaz e 98 cnl 5o el ool a8 )3 a5 o Bolal Juw (Sl (S
oS i Sy el Gloyalil e bodd sl Gl 1 Je Sy
[SSOWRSOOT ¥} L aS ol oais oolawl oo g sl U’"L“"ﬁ 4&...4).:)
w3 ol Sl gl Jae Sy g 02 )5 4 ) (g, orl Ol e anlllas 590
aS ouis a8 5 Jlas o o 5L 5L Curdg @ by e slacosgase (pixen
a2 e il 1 65l Sl 5 ool alyl ol jo ob Sl el
Jolis 4S8 (slag 095 diadign SISk Jold aSl ) SG (6551 o e
5 Oeas9See 3 Seldsstd e 5 63k g8 Jed 5l pdynaas wlie
S5 3 e (6519 0 e ol 00 LI [VA] a yo o oty oo (S5 gm0
S35 S5 e 5 Bpme b B Sl g3 o oS aredse SiSb
ab G L5 5 SaS & byye slocinn 2alS s L S, S0
4 S bl oy i b b peluly aely 5l shaie )l gl
&b 0gd oo oolainl b pmve 59,5 Jlaen s 0 g Sy Sloj o3l
a5 qulin o sVl 455 51 6l o0 slbdin 32 (19,5 aieeS Lol Gua
6‘).IPID 0asS J)-HS )‘ C R L)" » 55)1:_ el s_ius)l; 9 61.7;9
S 5 o0 bl Ban el s oolinul 4S5 51, g5 ol LulS,E S
bl 1 sy ol el Lol LS5 andly sgegs pinysSI b 36 3late
Ol pss Gl aSllo gy 5o Olsd a5 cnl aSli ) sl ol ol ps oy
pas ol odle 98 on T gllacli @l 5 oS J 18 (79,5 5 50k
039080 gl 9 5L 5)LE Cumdg 4 by je slacydgame (185 L )
Ival o sales Sliges ol Sl (a3l 4 o

Slosy055 JAS 55 Joo e trir J5S 5l oolisd iz 51
shls 8, U5 ln Ghgy ol 3l Ol os bl sl il (gm0
9 U5 Glp S5 Ghgy ool Wlie cpl o 08 eslitnl (B3
kol 3z sl 5l Al onl a5 s, )15 @y (8ly (yloj )0 Ay o o
Gl s e o oSS gy shol aSd «Soldgyd ola
Sosls 5l ool gl crmiie Uy Jove 51 el oot LSS agend
oolaiwl Lrals Bus aS 54d g0 oolatwl Ban mli oy ya5 5 00l mien
Rl g Sl mals axits )3 (oo 55k 5 e S Sl wss @
oopdle el lagy] Sldes slocosgame (35,5 i o b o] yee Job
5 SerSI g5l Glolis g adse y0 Sllug § Ol coslin Sy o oo
iyl b Bas ab ol il e Lol aSs 1 6550wy iels
b sslodors (nl woS5 L 0gdee siluane O3 plosil (giluange
(ol ool 0018 asgi dalsl jo AT Al ye IS sle JUSKew eolanul
il jo ebse plxl (ly loy yo &b, Cupae g U5
sleosls floieds ool cpuad im 3l bools a8 M golgaioy
5 i osls o el s s gl 500 axlye aiilen o i

DV o] b s b 5l ag ooliiul 5 Silidggid sla, gl 5

2 Shmd SLaSln) (e slads lr FoeelisS s aely
Orzen g LS Glasls Jlal g Slles anie gileaieS ol
sausp ml S ol 4 ol el gl Lol 4 el il glaacl
Gl 638 Glhie la iy, wlel p a5 cosl ouls &l ddun i
ol e ladis 5l (S aS conl oai axd 5 L o lagyl 5l 4y, o eolaal
135 sl b asle Slles Lyl s g ol by ] auie yos b 5,5l
oz DY YT als 13 g )lbia bulpd 5 lagesgm i Ghssls | (o,
dm oy 9 bes Geed sl (JpST S Hlinl anusi onlple Wit
Slaal plo 18,5 J5 0 b oS ol (555900 Y9 Sl pins 5 (S5
plsl s SYL 550 )90 e et ye 9 LA 5o Jolas alear 5l (6551 o o
wlo b W)l i gpddlhsl 5 Glaebl el 4 5l g 058 0
DFlasles Ju8 az LS5 @0 |, &Sz,

iz glo el JS L gl |y (Ggm slads p5 $oloree
Candg 5o Slpss VO] 138 Slles Lylyd )0 oy Slpwis &5 ales
o 5o Olss o [V8] S S0l 65,50 (6 5lwo 53 ins (sl 5L 5L
oolel el b ol ols alosl VY] g S bawgs By 059,000
2o Sebhy G Cande e lp edd iy Saa ol
«Soldggid sl gsl g 5l aSiin,y ol jo auil oo 59,00 (g5lwo pmsd
L oS Wgdioo oslitul gy 5 (oSl (6551 (Siluo eSS s
JAS s (e e J5S wile iz JuS glel il
DAL s9

20 S laghy; 5l srmg b Jae (e i J 5SS
5 s 8y (i sl il S oo Sl e jsb 4 a5 5,8 0
Slp o 2l S (gludieS b gy JuS sla LS (40,5] Caws 4
JrS 6l oS g5 ol 51V Al 08 oo oolictnl a5 g ke
S )0 SF e sl sleg o el oals oolainl (5 S g
&5 S G5 odg s S plsre @ Glopir Cdl o oSl
anie il JBlas 4y J S e 5l Bas aied o aid )T L5 5 00l
oo Jsbo Gl sl oy 095 C g | atng odlitial 5 &Shy ) (Sliles
Sy lie 5 Oligas Slles 5 (Sopd slocudgaze 4 azgi b o]
Mg g 5k (G 0 Saabd pas b ablie joliie et (nl el
oot J5HS ettt 9 2353 JUm 3l dlital b psiyasans sla
CNNRVIPCINUNE PRNCTSVS | AR B3 ICWN PRV SN PEE P EVECIoN
IS ol gm0 Ji 6L Gy SloaSdn ;) J5S l 551
Sgd o0 ooliinl (59 Jobs sliad (39w U ilodre lp (orae £S5
Lis g (e,0ep Gras pials Goa b g o ange JaS VY]
Loyl gl 2alS sy Jsed LB sosgama ;5 bas il 5,Ls Conds
L5 4 oSl 6550 Lol g adgr Dllug o Slles laiosgame cod
e p e Gt J5ST s 65 iledoe 50, Gal 5o el a8
OB A 5 g (SoI 51 Co e i 3 Skee 9 sl pglie
IS Pk s e sbgyoes 3 Shes S sl Sl Lo
A4 0 4 RO PRV NI pReTLy

ettt U5 g e 655l S Gl mezlz VO] 2z pe o

@ ol g aw J (O59,008) S g o] o a5 oad &Ll Jaw g
e So G S5 ee B peS 0alS IS Gl e bl SO lsie



Voo ole ojleds

VFT 50l oF o)l OF Al 355 oRiils (3 (gwiigee dloxa [ FYF

Al 3y ¢l wlasin ) oo

ob polio a9y 1321
(Sly b5 # ol 45 g5 HiSTas
(&g 5LS) Y10 SS9 ASI sl g5 iSTas

ol S e G5iges IYY
ly oS s o

L0 Lad 5o caSe e giss ¥

Y g sl

O39s9B (350

Sy oLS Y/O e
el pal Voo o 2ds FA o 65
shol 8 Sy sl S sla b

/lel
A
oS (855 (g3l S s
| e |
Purid Pavn + — P load
v T¢ Pbul
g FA pudims (3L 2 b
Pcll fe
il LI T
2pYe sl f k.

Al 850 podnns (31 2 Sl 3y Sl L Y SO

($3lwo o3 i) G 5l 3 (SS9 St @0l Joo =TT

slad 5 15 T 51 oS5 [YA V] (s Jols slad (39 g
el 51 05081 5 0T 51 305000 5508 b oS sl (2l 25
b WS able 1) baosisn s Losy Sl O3se sladsSlse il
T el Vg ) STy 250 4 09 180 50 2 50 ead plasil sl STy
o3 e 51 HLaS L ba gy sl s co oy i8Il sli o)lg Lagygig a5
g n dag iUl easls )3 0 o sloml Lo 9 (S0 28Ul Gy 9 S oo
«alp o 9 0 oo g | ST slasUge 5 g oo S 5 00 b (5emeST 5
@l et 551 2Ty Gkl ogian las Jobs (G U
S oo o S g S Sdl s34

) '\"SL{")

sk Hy, - 2H* + 2~ M

x5t 0, +4e” - 207 ™

Cowd 4y sloosls 5 0gd oo (gilwad aicle YT O g0 4 aSliy ) iges
ooliiul oaisT slaosls lgie 4y aSidpy ) Cumdy bl p o2ly oyl ) ool
o8les 5 aSidn; Glibos Slyess (285 Sl 50 gl Jooly onl 0gd oo
5 6l 0 Slae ctngs polie ol ool 1 ales 3 ool 55l oo
2SS (555l uad (28,8 555 p0 b g (o] 5,L50 ) 5,L8) (259w iy
Ay G odd dolos (lg e cBud b jo (Gl slodd a5 ol
J el oo sl et o)lal Blaal 4 olitws (gl 09 aalys Lol &St
oal JUS 55 sl o osbiiesd S Sl (6551 (55l D s 5 (X
JrsS 4 o g 5ol 5l ols (8ly ey (sbosls 5l oslannl «g 5Lt
Je sladas (85 a5 50 sbe aSSh) nl (Kl ey Cupe s
003 el (S Sl (65l 598 as o6 3l Sl (gl by o 55 g
2 ETre S )0 3)lge (nl (Ghen a5 298 o0 A lny (2Bly 3 Slas 4 s
o Slp A il g S U5 8l ey S5 5l jokate
el oy B Sy 0 i Sl 555 4 g LT Gl daesls g
Sl ) om0 e a8l oo U5 50 el 0 ke slanS
Sy ey 4) ileJbd 5 (osls 5l olaiwl § ) JuS (osls
bl Blg pley 50 esel Caws 4 slassls ¢l pli [\"](W
bl sl rSoslal (m 9y S Jsb )3 aSAn) Cundy (siluand
g oanl slaosls lgie a4y Slawbrs sl oLl sdiged bl coss
Sl o 45 398 o ooliinl () Condy | Soad )50 @) labd
SRl 4 b yo (Silwainte 5 J525) poo al> o ot (o) s
GBS B 0 b gl nl Gleanr 5 Sae 2l o Jgl el e ol
s ol sl s
S 8bes iy polie cnl bl ecales o el dapl cod b (e
il Caed 23S ks 0 b g (o] plie [ 5)L) (g Ju g b
o dslio 0l lsme cban il o (ko sloadys ubul 1) oSSl
390 4) pom s> 0 4 bgpe &5 09 walss (Lol &b g SR, O

el (IS sl JiS ool b asllas 8,90 i o
g oxd dgerd g (ilude aSedn; Glite slacwend pgo i 9

‘lia-ml)-i) @L..Lq.c u‘fu.u &5‘)‘.’ AW u.u),u dbwojm

6‘).: 04 431)1 M)?ﬂ‘ RGO EPR W w),v_o L{hu] aQ Jo}o}a 6[.@;.,\.’5.).7;&
Lo yo ol Coond sl oad (Gl o Ceond (o AL B ) 50 (siluosly
ul....: Jlie 6[56;543._,;;3 e 30 Caonnd ©9 | ‘_g)wa @L.: QL., &

] 00

(SOt S s g3l Jio -
axdllan )90 4l yyy --¥

IS ool S, oatiS S ob sl S Joe S
lr Joe 2 (e Do J5S 0 on oolitnl Jas p (Sie i
Ky 0 Wlgge Joo cnl &5 0l Jl5 &b 5l (S @ Lo iy plov
50 Loy gil 5 g byl ol (65,51 S e piannms 4o 050 pléol (g 5lwaige
L] 5l lgf oo 5 ol gy Hlos (@8l Y0) (5,105 digei o) b duslio
Sl 4 b e oad 48,5 L5 s Lol Sealys eonlply 0,5 ks G0
laaxly cogid 6 5L pdyaand 5 0S|y wdgs wlie plore 4 SSlgeid
S (551 (ol ah g (g n Jobs slad (B g S esilwo S
s Sl > 4D, S yiiia ol 55 oly Jobes aslea b ol yan 45 ol
Sl o S I ] axes e JSias 1) ool 8,90 Joe casdllas 5,60
Slasin V Jgaz g o1 10 olg (s 095t ol yoi 4 anlllas 8,90 4,
aas o las |y =l ol



VFT 50l oF o)l OF Al 3 55 olKiils (5, owdigee aloa [ FYY

Nen Phar <0 (,L2)
1 av

I Soganl e s (5)Le)
Nais

Npat =

2253 sl 5l Sundg wls (Sslite polde 55Las 5 55l Gleail,

35 el oy Jeolr b ol 1 85 b ol o e 4 2

abuly Sjgo 4 45 Wl o Sy 5L Ced)b ST (5o paige o

U (S Ja (Brae Os0ed gl Hlale o (0 0g el VT
Wlee oy VO alaly O jg0ds ool 5 e

T.
S0C(t+1) = SoC(t) — 25 p, () %
max
T.
LoH(t +1) = LoH(t) + Retz’s Py, (t)
max 00)
L b
7’)elemaJc Te

Ay Sas b -F-Y

@ adybos Jowe b pogtd 5L () JSD) el slsle b Gillae
OlF 9 @iz ) olg Jols pae g Coal Jate podiians (b2 S e ol
Gilnle S (oo Gl 1) Site b @ Jate gl Bl SIS (s 5L
Dgr 3l V7 abal) & jso ay ol Jole alal,

Pyat (£) = Pioaa(t) + Peyz(t)
_Pfc (t) - Pgrid (t) - Pgen(t)
Ol A oy 5 L (VO 9 VF Lalg,) (g5l 0,053 Y olso s (o

Olyear (Sl pdinans glahyl b sad sy (S xS
Wgd oo JeSE NV 9 VA Lailg; & jgods (VY dlal)) s YL

%)

a(t) = Pgen(t) — Pioaa(t) av)

SoC(t+1) = SoC(t) — "C”LJS (Pelz(t) -

Pre () = Pyria(0) — d(®) ()

Kpar = 2245 = \jor 1

max

LoH(t + 1) = LoH(t) + 222 p,,_(¢) —

Vmax

T.
S— Pro(t) « Koy = —‘Z:i =vmisxy-T (%)

NelzVmax

\
K;e = ——— = ANV$Sx\ -7
? fe Nfc Vmax

olis ol jisle loslaiwl b Jow » (s i J S 5]l
ot Sy Seelud Jow 0gd ce gilwosly VO SS o eall ools
Sloladl bl g ad 5 22838 polie Gulwl ool pliaccs >3,
Silmaigy bwg Sleladl ) 5ed o soliiwl ST soloiing ag JyuS
alal) o5 Wigh oo drnlne lacodguone (ruizan g aja @b (38,5 )l 0 L
D¥F] el Joe e i J5sS sy o0 Gy ys Jote ¥

1
;lj )~.~5 ‘5:H2+ - 02
2 \p)

> Hy0 + L+ 50 53

Gl il 3,5 s Baa b b qele Joe f oli
ghe atle (o5 glayell gambre 5 ol olee o oolidl (5lisl
ool Ly, g (6 5loacs 5lodal Cowds slaosls jloolatl b 8 pas (459,000
oy cel gildas ol el Jolae 028 ol 5l sslannl gl 4
aalal ;5 5 05 0 )] (gadly ,SLas &y oud (glwad (g Sy 0 Slae
e a5 ol Sy a5 Sy e 0 00l i (g3l
DL (k0 5k e 5Wg) (Seelindge s 51y 45 39 o0 dnlone T el L
L ey (Losws yiaSTly cdale oly0ss) gilupSTin 5 sool (gilulled
b @l (5w o Ol5 9 5y conlpli Wgd oo arule A JIO Lals,
A dplg> dwlxe Vo g Q4 Ll

Vcell = Vnernst - Vact - Vohm - Vcon ®
AG AS
Vinernst = ﬁ + ﬁ (T - Tref)
)
RT 1
+ F (In Py, + Eln Po,)
RT i
- g . . (;)
Vact o F In (io) (ip >1)
i
Vion = —b In (1 — ——) %)
lmax
Vohm = iRy D)
Vfc = Veeu X Neey @
Pfc = Vfc X i X Ace” (QED)

S d 0 o gl SYolee 5 SVLw (Sslis Jow 4 azgi b
@l syl > coS 5 5 ol (sl g suil sl JUS 5l polie j3e 1y
S 5l ol lge 4 9,0um B pas s 0 Wigd oo S G
o 2 109d o0 sl VY alall) )50 4 4 S plowl gla piSTy L ok >
gl b o J 7S g aSdinny )0 5o ilwe b (55 5l eolinl
sl ool azd 5 IS )5 39,000 B yas
_ PHZVan Ncelllfc Oy

Lol = au, = —p7— = —5p

@58l Jobs dolaae b (lgi oo |y (S5 9m ey 9 (S3lwe 33 slaaly

Cundg G dagl 6560w Gl seatmoplis oS gl ye (S Sl

Loy WV akaly 0,5 (gilu e ol (Brae (59000 e 5 5L 5L
el 6 5L 5L Camdg j0 Ol s

x(t+1) =x@) — Mpar Ts Ppae(t) (QAD)

Al (65,5 slopsie 5 Conl 45l Yo (6,0 paiged oloj alal,y cpl o
WF 0 (GEge Jn (Prae Ot gl 5 6L 5L Sendy
855 gobw p ilwemmd Glasxly 5 L/ 55Le r—’L (S e 09 o
G 5La0 [ 5,L ol (Faliie sloedil (nl ply e (LuSG 0o psd
D9 g0 oolatwl VY alal,



AR gl...oo)Lo.u

VFT 50l oF o)l OF Al o3 55 oKiils (5, owdigee aloea [ FYA

Ry PRt + k) +ap Phig(t+ k) +
BLAPE, (t + k) + By Plyg (t + k)

Y, Szs5 sl polie (VY akal)) ool s F ks Bas Al
087 5 lodd drulxe (SEsw Ju 0390 gl 9 5L 5L Canss
IKYTIRCY PES JURTIUE- I ‘MLSA KW SCRE ) L:adl Ol s (03
sloolatnl b el oo (B gw Lo ol lade a4y bgy o oS B\ 5 Oy ulpo
S5 e Sy a5 By 5 Oyl Cules o el ateia VA salal, o
oy a4 e YL Jlade woanl aSi g g ol Al s 0ald Aol
aobes (ylov il (gl o0l usd Jlade b oo co plais] ogs 4 ulide SO
i 5l oslinal Cuslyl Lol s by ol Ll il Jlake (s 2aS o
sl v Bl )3 1) (G0 U 50 390 5l eslial (e
(S, pdigai loj olyen 4 calps cpl s o Hl 3 Cuglgl o Lol astl
I lass YF alal, oot oads olietl JuS o mgie sla@l

T Yelfe |5 A
n=res NetzVimax VMR T
a; = B1=K¢. = = AxyeT v
re 77fc-Vmax Al

azzﬂzz \.X\."ﬂ
Ny = & (@se), N = ¥ (@ged) , Tg = Y- (a5l)

Shles slcgsguxe -F-Y

Scasgames a5 Cul oY (TF alal) Sos &b gileaite ol
S9zy Cadgace o 93 Lulul \Wgd (el g Al Sl Slles
Sl g Blas Jolis daaxly (58 slacgsgae 4 g e Jgl £93:0)ls
ol 855 5 (3 g oy 55k 0 i ol (im vmlin 1 sl 0 0
Gzl Yo a4 a5 aie (58 sbalin] beusgass pl .ol
Ll o)l s52g bamly ac sl @Yk v o 05 j5ee L] 5l lsioed
B9 85 (e ol pboe el (ol > S a5 Sl Jgere (riznes
conlpln LY Y2 sims @l 1) oy JBlas wub 8 13 e o lausl
JSbe g Wgh oo 4B )5 I o lasaly byl g (g )0 lacasgaze ol
s YA JIYO Ly,

min
(&g sbS) = V10 = Ppgr < Ppge(t) < Ppoe™™

(Y0)
= (Sly obS) +V/0
min
(C"ﬁ 51-.:5) -7 = Pgrid < Pgrid (t) < Pgridmax $£2)
= (olg glS) +F
(‘-"5 51‘35) —Yib= PHZan S PH2 (t) S PHzmax (YV)
= (Oly obS) +V/0
/f. = SoC™" < SoC () < SoC™* = v )
/¥ = LoH™" < LoH (t) < LoH™3 = /. AR

Q‘}L.Cd.g LS.‘\.Q.!‘ Sabl> ‘é.:).d (_ghbd,\.iog.xm Q__:.l » ag)l.c
adye (SuySllssyl 5o GSL Sl 5 6T slr Gl basgazs

s go
4 Logdays sliools ET X ERER09
aLbdS gl 2 g5

> JM

& Sl diante

B it (glB001S

e gl

| Ay by | |an..p,.uu.|

Jo 2 (e e J S 09 (el el Y Sl

S D) s 0] (29,5 45 Sl ol ol Bun ¢ Jsane j5bay
00 (a5l slalazd slas oS0l I Lol (W) @ pe JUSns
(ND) ien B8 olaal o 1) (6 5k gz o 5)L0 Condg) bl Ojg0a
ape @l lodng b Sae (pl S JLis Ve abal) Jol cond L Bllae
ol p See Ol Gt 5 wlee S () S sl
s 50 (glwodly (6l UK (pl o DlyasS (505 5 g0 gae
S G olael o Yo abaly pons g po Caand (285 a5 0 b G Sy
s F ks o (V8 adal)) ley Jols g adaly cpl ol 5098 co 380 (N)
D dalg> VY alaly & jgody alinss Bas a5 ool

. N
Objupc = Zkz1 |

(9t + klt) — w(t + k))2||p

N,
+Zki1

|(u(t+k—1))2||c )

+ X0 N Auct + k — 1)),

. N. 2
Objye = 2,2, v1(SoC(t + k) — SoC,ef)” +
v2(LoH(t + k) — LoH,.;)" +

N,
Dl e Pl (C+ k) + ap P, (t+ )+ L

a3 Plrig (t+ k) + ay Piy (E+K) +
BiA PE (t + k) + B,APZ, (t+ k) +
B3A Plrig (t + k) + Bud Plyy (t + k)

Ol o5 gms i 50 (59,08 0,30 oo 48§ LA 10 aSiliyy, 50
99 52 9 W)l Cude polie ddues (Ve Sl g S5 g Jo b ool dols
s 10 JoSe bysie ol 1) el jae lojen aily ged e
O399 (lgF e e ;3 Cudgaza (pl (18,5, 50 5l Gl jelaiea
g oo iy 23 VY alayl) O jg0 4y 00l 0,053
PH:PfC_PelZ xY)

2

OlsF 8,5 B 50 9 YV abaly Golol p (F52 sl Se L 4o &b

VY abal) g0 sosend 5L Olg8 5l (oBa i 9 00l 035 39,000

Ol el (3L Ol 0alsS i (5L 5L Candg ez s oo (ol

iz 5L Ol 5l lee YV alaly jo (5L 55l Condg 392y o
2S5 by

. N 2
Ob]MG = Zkz] ]/1(SOC(t + k) - SOCTEf) + -

v2(LoH(t + k) — LoH,.p)" +



Voo ole ojleds

VFY 50l oF o )leds OF Al 3y 55 olKils 5, (owdigee aloeo / TV

Bd = [1.56 >(<) 10—3] c=

2 e i RS bl it S5 olene Y S
Sy dne G900 Thaw 5 5L Cundy polie a5 wes o LA 1) o
Al oo Candy ol olal a8y, J S

G50l glaesly P
39 (28lg oy ouds v
Plﬂnd -
> 2 ..
Lol p Bua 2l . SoC
= u“ i, ,.é! ElddJde 5
S| ord Js Sz ol
H2 - P Joe (o Eok e
--------- i ‘ 3 ol o el
;;\ > San b (5 5lwaing
I I
£ £
% =
& S

o J S bl ool (JyES (g koo T IS

A 33y J 55 9 oy (5l ooy ool vy 58I -
i, s3] a5 el ool dalllas aSli gy g e g J S lae cpl 5l G

ol oo 00ls (ylis F S yo o (golping

3 Jeol> slo yuiin 4 adgl 22,fako
(P opes Prriaop) B2 20U (5 5lwaiaty

‘ axlllas 3 y90 Al 1 5 (5 lwa ]

v

o b g ol yb (g S0 31l
(P, 9 LoH :SoC <P,,)

ilwainge i e8Il b Sas b g 5lediny
yodie 93 30581 Caway 9 W3 plo 3l
319 0lo3 33 Py 3 P

V

A(t) ol jod &3 Prpy 9 Py e yitio 99 (4315 51,8
Ay y b Llad oo jo yelic! ylgie 4

.

(S0C,,) douge 5L Cunidy (33551 Camwiy

asP SH(LoH,,) dte 59 0p ghaws so(‘,
ASV.'.:):) Il glad

oo <y

@ o3, LoH,,
(o diged

Jw 00,5 Jlad SpYe s 3,8 Jd [6}"‘ »l—w ld)'l' ,,u]
6551 a9 9 (g 591 Spae g

Capoho 9 J A0S (sl ooliinl 8590 pia ;95 Wylagld F JS
b oad alsbs (lg5) oud (gilwainge Sl g9 @ Tl (S8 (pl b Billae
Oly 5 ol asen
b ol siluwaned 55, S Job 5o JolS jsboas aSilin) o 095 o0
ol a5 09l 00yl Canay (YO alayl)) Bas mb 5o jLis e sle el )l

adgl (20 ,lake sl byl dnlme Ban 4 (59,040

b dbasly e jae Jsb 5 Sl
oo LSl g (B slady wile Cwd T Sl o g 3 lS e

a5 0l oo axly lawgs ool

min
(Ols $S) N = APpgy < APpgi(£) < APpyg ™™

(ARD)
= (g )

(Slks) A = Apgridmm < APgrig(t) < APygrig™ ™ )
= (Slg olS) +)

(Oly o) -V = APHme < APy, (1) < APHzmax -

= (Slg ghS) )
“/ye = ASoC™"™ < ASoC (t) < ASoC™ =47y, (¥Y)

~/\+ = ALoH™" < ALoH (t) < ALoH™* = 4/y. (P)

Aoy y Joo -0-¥
Conle b oo e aSly tngn sl i Ll & dapiagn 5ST 58
Sl e adn ) Sy e b Lo Sliboe 5l 65k )18 3525 525w
e byt oy 6ln gyl polie Wisd Jao calize Jlles
Jm s AL alslile Jold (65 peeal slo piite Wil oo oS Al
ol O sl ol sl (S G5Bl G dle,s S
Silaaiae slagty, 5l (So sl eslitul b b alies (625 ool (sl it
258 % p (e mote JAS il 5o s o [¥1] a5 >
ol sl Wi ) o a5 59 (gjluargs (VY alul)) Gus b wyl aiges
IS UK 93 398 o0 03liisl S5 plo3jl (g5l o5 5 5 glate
b el 0ol 0233 (59,008 Olgs g (ol aSd b oud Alsls g Jol oS
lacusgaze plod (28,5 )l 13 b g Wged 2 50 Sus &b pails) Sl 4
ol i lse oy Al glacsdgs plyie 4 ons o)Ll Sliles
Minimize .
Pyrias P, 0PI )
YU YO Lulg, :bbcgsgae

s g kol 6t b oad dalis g5 ol lacgog,s e lo
039591 Cewd 0 yekaie 40T co Cawds YO alal, 5l 4 ail oo 0o 0 pusd

YA 90 JINY Lalg, bl 5 aSss ) ol slp <l slad slo s il

039 92

Dgd o iy yad VP alal) & jg0a aSly ) Jae N g

x (k+1) = Ax(k) + Bu(k) + Bud
, (k) = Cx(k)

_ [SoC(k) [ Pu (O
x(k) = [LoH(k) ’ u(k)_[Pgn-d(k) ’ (r%)
dk) = Pgen(k) - Pload(t)
_ 1.56 x 1073 1.56 x 1073
=1, B= [ 5.66 x 1073 ]



AR u;ol.:.oo)Lo...u

YFT 50l oF o)l OF Al o5 55 oKiils (5, gwiigeo aloeo [ FF-

A ) (e

3 T
—
25
3
2
i 2
b
e }
3\ 1.5
fi 1
-
3 gs
" | .
0 s 10 15 20

(el o)

ASb 3y (S S Glg Lol Soo B JSb

Jsl gyl -3-F

S 5o SSldssd oy ady Ol (oo FUSS aglw al po
595 S @ bgyye (o al oo o5 Sl (sl 4 eus i S
doy 3D 39, adgl Slelus g (ol dod U jae £ celis) ol Job (o 155 sl
G590 Bk 5wl oy e «oldl sgzg pas s @ (pewo £ 6 o
Oles Ol i ] i olal 49 ol Dal 4S5, Lyl o
5yl 1y gadys

w

— Sildggd ey wly

g
o

N

-
T

e
o

(g oLS) sxdyy (S8 oy
)

o

0 5 10 15 20
(cel) ole

SHldgeid sy gudgi (S I plyf (P F S5l

——LoH[%]
%0 — =SoC[%]

(1) 03gses ghans = (55 5)L0 Coandy
8

0 5 10 15 20
(cel) plaj

S g g (35900 b g 5L 5HL Cardg Y S

Silwo g5 axly @Selg; (H8ly oy Cu e sl oltay pitaens

I Aoy @adss ols 5l oslisl b Lol el jobiie 4 1) (35w o 5
IS oSl 655l Glol aSls 5 65l g g Jm b ool Aol
Job o 1) gm0 e 039002 a5 6 5L 5,10 Cumdg ¥ USS 08 e
039 g ke 5 770 (5 5k @2y 5)LE Sy amd 0 LS 59, Sy
b s STao golgiiugs Lbay b 45 sl o 428,515 43 Ve gz ye
cuely o B ol il so dojd 00 390> 90,2 0 oyl ax e Jlade
et D S8lyS (e S 5 L e Jsb Rl s Sl Sals

loodls g (aly o y0 aSbiiny J S sl slalazd polie Joli o el y
el diged p0 43 ALy ) Sundg ) 0dd (e

Ol bl Bas ali g Wi e ools 1,8 Bus &b jo byl ol
A 5o g el oad Sy g (HBly Olej slayiely Juld &S el
w05 olul  oFF JIYO Lalg)) ooy iy o slacasgamme plos (28,8
ol aloles Bls5 ot Sall 99 9 00l (5iluarney SIS plooil (sl
@ bl 93 oal e Gy 0dd 055 (g e ol g ol 4SS L
Sissse SLolis 5 pdyaans sl by sads oly s ol o
6lad Joo ;0 (VY abul ) 095 0o a8 )5 L5 )o SLacél (lgis a4, oS aSls,
Sandg (IS bl 90 g Wigd e ool 13 (V7 alul)) el Sl
bl eazmii )0 alie Gy die (9,000 gl 9 6k A 3
D900 et (S g S 9 6L 0 Shes 0550 oad e jiaie g3

e Sload (6 S eslal 59 e el STealasd j2 50 (g i 5o
e e 4 B ol (1 (39 00 e Wb (S ldl S ol e
B ogdion e 0l g 0ad Jlul )5¥g iSll 4y ol Jlab Glojd oy in
ST osses mhe ST blie 5l ol (a3l oad 0233 (5000 (5
039098 9 398 sn e 3l (I gm o dl (golos b fiin dng jlade
3 55k SRSy Sy cnl e i e 4 )] el 4 B osd B e
ol dralns (aiagy e 5l 5L slalazd 5L Comndy STl 392
s i e 2 Bl 2138 b (5L 5,L8 oy m il S
580 65k «jge nl g )0 9 9 pS o0 S8 5L Cundy 5 6L
RGNS

Lid oo aolol diged 0 3T B g o izl aiged 1o 50 02 )8l
Baa gl o ot (giludie slo e 4 Sl o3V oS Jol (saiged 1> @
#Bly Oloj 5o 0ol dnle polie 5l ladiged andy )3 w9 adsl (2 )lude

Al duly eolatwl jsie 9o cpl slp

mU g bglwams -F
a8 )8 a0 Galizes gl 90 caalllas 0,90 aSD 5y (gileand Slp
08Ty 0l aslin Lt sulss oSSl ls 4o Lol Soglds a5 casl o
9 S Sllog b ba oy ades ol sl )3 el (SSLgexd sl )
e (> 5o pa y0 Lol adl ge golpiiny JuS b aSliin; o Slee 5
Gllas 45 onds 48,5 L 10 LSy anllas 550 a5, ko 3,90 Lol
YE) oy o Jsb 4o aSiin, wlols e ol o a8 el & JS L
G & lei e |y Lol imie ol [¥P] el sas ools olas (el
yac £ lelu UA celo o A el 090> U 55, adgl Oleln :0,5 pnis
Lol gl Ay e 5 45 o B yme & el g (ST g )
DS s, o Slas gonmlin sy s, ol el Sy g oS cdasgie
Gl Glojy b gole Cumdy po o] o Slae 5550 50 slalio § golprin
S5l s 8 ls0 a0 (0l S1s0) (2lse 5 ST Lulps S @ oS
O aSS 58l el a5 canl cpdiasacs sbag il adgr 0geS b (SG S
Al 5o 09d s (6 5k g (SFem Jm) ilwo S ClblB L olapiacn

el 2 .))lj.a J,QL.; 6‘5"(’('““"‘ J.‘>o|) QS Slaal

s e oy J) olatdl alie 5 5 0 ey S5 o o
bl et 51 (S Sl 550 w3 oS g 4t 6551

G5 sl 57k 5 (s oy 319 i el il Bl oy @
Gl Sendy 3s)sed gl 30 Sl (el b T sk jes

95 Sy @mlie 9,90 50 e 5 sl (Slloe (Pocuoguzs Zole, o



AR u;ol.:.oo)Lo...u

YFY 50l oF o )lass OF Al o5 55 oKiils (5, gwiigeo aloea [ FF)

w

— Sllyyd gladsy sy

(©lg $sS) gadgs (S il ol
o - N
[ - o N o

o

0 5 10 15 20
(celw) yle

30 Sildggd b by sudgi (S xSl gy (S A Sl
£99 g2 )l

——LoH[%]
L] - =SoC[%]

8

s

8

(1) 033508 g = 5L 5510 Caandy
s

3

0 5 10 15 20
(elw) ploj

30 S g Sy (359 0w o 9 (5 5L 5HLD Caxidg Ve JSU
£9° g2 ,Lww

Cawl 0als ool las b ol o aSlin, ol Olyess VY JSKE o
S5 g o el 53,08 s 3,5 nnsy 3 Sl | s o5
69 ,Skas 0aiiS ;S g 3,58 o b ol b ond Aol ol o lady
ol L el woiles

OSee 3> B 039 00 mhw 5 65b 5L Candy g)lw 90 e 0
&b o esliinl 3550 Slagyjg 1n) 1ai)ls 995 @z pe jlade 5l (6 S Sl s
s el o5 Wi SzrgS o0 b BMES 5 azye slsy ly B
S b alole Glgs 4 by o culpd 97 s Bk 1wl e lag] S
Sedien 5yl (hol a5l (oS (5 cnlpln el 55 (Ll

1.5

-

e
[

(Sg 38 o dlolee oo 2SI lgs
s
o o
)

S

N
2
£

5 10 15 20
(Cslw) gloj

e9e y)La.w 3° M}J) J° [ djéla.c U‘," GM )N J&&

GrSazai -0
St aSln) Sopde 5 S sl (Ml 0loy U5 Ghey e
) (8 5L e shol aSd Jal anlllan 3590 4ty (ol ] ol 00
odiSTn sy plie plgie 4 Sy sla i 9 (S g S ds5lwe 23
GlS WS i (nl 4z LS S e e g ol Slaal o
oy Sl 2alS amss 15 5 (B em o 9 5L 5l g0 eolital
5 &by sln 48,5 Ll ) Slles slacasgame cule, dagl yos Jsb

&) bwgie (Lo b (Sloj 03k )3 (59,00 haw 9 5L Camdy )3 Dl s
el 4SS (sl sl Sslidags slaJny wleba el 53 1 sano oo
SalS 5 by adgs 2l L VA JIA Cell) 5, Jobo o il s s Lolis
adly l38l 6L 5L L g Wols (7S Sllug (39w Sy 5 5L Lol
S b Sbb olebs )5 oizmen 38 (65008 Sk (s i s
L Sl cnl oleiiin S5 Gy ok so Ll e )lw (sl oy (Lol
5 Gilwaine bt )0 5 el 03 S iy 48,5 90 iluand b
ol o Lol S g la iy adgs pae 5 oo o iy sloosls 3l eoliul
el o5 Slels
o jlaS ad e (i | o)l Gl 50 &b Ol (ke A JSCS
el 00l JS5 5L g (S gm Sy bl 4B b oad dole g el )y
Slgyd sladn g (Fgm Jp Ko Gl 45705 enalin (5o
G551 5 NS o el 1y (O JS5) &) i 350 sLolE oo Ceod
lolis Sllag ©d 65k (ol aibg 058 0 4398 Lol aid 4 SlLe

2D, (6 iy Ol (o aed a4y ] k$_§;J.A_§J| Sl adgi g 5Li 0,90

(il o) s aloles S5 2SI o
.

0 5 10 15 20
(cslw) e

Jol 92 bew j0 by y S Sl oyl (Soio A S5

g 5 65k 5L Camdy o Ol b (A JS0) aSilpy) Ol (i

Jeo 4 (65l d(lamgie GLolE) 55, adgl Slelus jo 0ls ciillae (55,00
Gy olele Koo 5l gyt (SO Sl Glgs g 0als 5L b i adgs pas
SIA olels) 59, Jsbo 30 055 o B35 Sy ) 4 aSib ;) Lol u-*-"l‘
el as o)l 1) wllug @iz ails 5 5L dodny g pab adlal b (VA
i s & Lol S Sl s 5 Sy e o Sbluy alS
Sllog o Bgm Jor 9 6L ol a0 b oals dols ylg5 da iy adgs
097 )5 & Somdy (ol (S Sl eoliiul g (S Cendg b g W)l g 5eS

A3 o dsll

P30 g2 b -Y¥-F

sl lsie 4 Ssllggs gla sy oy (oSl Gl e ylw ol 5o
SIS w5355 o5 S5t w55 55 A S Sse 4 eniSTy a5
Wlgs so clo ol a8 el gl g )l 4y G (6 50 dials g ity Slilugs
S gy el 0 a3 5l B a3 & (glgn 5 O s s
JrS o Ses yoasSlyy ml sads Ol asels S 5 wllugs 2al38l
Lol 8y 5 (gl

ooliinl b (g5 ges iy 03,900 gbaw 5 (5L 5)L0 Sy N JSS 0
4 ldy ads gomie 5 Lo o (385 515 0 wsoleidy S5
ailen il pl o cwl oals ooy lis A 5 0 USE O jg0 4 ol
Ol b adlon o y3 00 3905 g 5oyl 5l glis 2STas o LS (gjlwanct
o (5508 3,5 s (55 iy Sl S8 wials s 4 o sl
Wed oo dz 55l hawg Gllug Ll wjls L3 ol



AR gl...oo)Lo.u

VFY 50l oF o )leds OF Al 3 55 oKils 5, (owdigee aloeo [ FFY

(kWh) (5 5ib glala= co8)ls Cyg, ()

(kWh) 5L cod )b iSlas Crnax

(M®) 35 50 0ds 0233 (S 5m0) (59,00 o2 S la Vinax
KWy 5 5L lawgs ool pals ol Poae

(A) o Jm 0Lz Iy

(V) &g e 505 Vre

(kW) g5 90 Joo b oo Aol lgs Pre

(kW) ;5 ¥5,5801 L oals alolee g3 Pelz

(kW) Lol aseis b ooy dlolos lgs Pyria

(kW) (Lol) (SSosdl sla )b ylos Pioaa

(KW) 00515 adgs mbie Lawgs oas adgs lgs Pyen

(KW) ouls 033 (55,900 Lawg Golss ol Py,

(KW) digai ;o ;5 0als 0,255 (3,000 (g5 aige lade Py opt

(W) aigei jo y0 Lol aSils b ool dlobes lg5 age Jlade Porigope

(1) G50y y0s8pan ()59, haw digy jlodie LoHgp,
(1) digei o 50 (5 5L 55l Comdg atg Jloiie S0Cyp,
(3 g Jp8 G N,
(A (9) (i 3 Np
Joe 1 (e Ot JS sl oad (s Baw 2l Objypc
anlllas 0,90 a3y, SBan & Objug
(an 099 b pxie s ke x(t)
(3a 53) 8339 e le u(t)
(a2 05) (29,5 (mile y(®)
(35 03 oigmes VDL o il d()
(aa 099) omoten JASS 0 @20 polis w(®)
(S 59) 57 9,% Sl it (59 o a
(o og) b3 (539 cupo Y
(3 g) i gl plp 53 cbli (g o rd B
&

[1] L E. Agency, ‘International Energy Agency (IEA) World
Energy Outlook 2022, Https://Www.lea.Org/Reports/World-
Energy-Outlook-2022/Executive-Summary, 2022.

[2] F. Benavente, A. Lundblad, P. E. Campana, Y. Zhang, S.
Cabrera, and G. Lindbergh, ‘Photovoltaic/battery system sizing
for rural electrification in Bolivia: Considering the suppressed
demand effect’, Appl. Energy, vol. 235, no. February 2018, pp.
519-528, 2019, doi: 10.1016/j.apenergy.2018.10.084.

[3] Y. Sahri et al., ‘Energy management system for hybrid
PV/wind/battery/fuel cell in microgrid-based hydrogen and
economical hybrid battery/super capacitor energy storage’,
Energies, vol. 14, no. 18, 2021, doi: 10.3390/en14185722.

[4] D. Akinyele, E. Olabode, and A. Amole, ‘Review of fuel cell
technologies and applications for sustainable microgrid
systems’, Inventions, vol. 5, no. 3, pp. 1-35, 2020, doi:
10.3390/inventions5030042.

skl a1 (S Sl 6550 g 5 ialS

9 Supde @oleidy (JAUS by, o5 W o0 GLiS (il s
alie sudyi olys s Sl b i woid ol Gilaal b 1) aSissy ) J,ms
O39ded gk 9 (6L 55l Coamdy jo Dglds ano oo plil 0aiSTy g
Sials el a5 asl a7+ sgum STas (Ve 5V gla USE) g
GRas Byb 5l ogd e lap] SVl pals 5 mlie ool 5l ag, o ool
ST 5 A o Ss) aSis) alis b oad dobis (s simio b (aillas
5 99900 ol Slilygnd sl 5 (9w Sy oy L5 3,90 sLolis
WSy b ol aSet 4 slile (6551 5 atdly alS 4 jload ()l 5 555
Sllug 5 pdyanans slas sl gody Oly Sl 6 5k (mizmen 2980
ol Al b onds dlols (g5 g aiS o i 1) Al 5Ls 000 slolis
)l (55 Sllugs (9w S Ol

olos

(V) Jokw y 3Lds Veeu

(V) sk 52 Gl ) (Sobiaoge s 565 Ve

W) by iU elas o (3ldlad lals 51 b 5Ly Vet
W) ool Olals 51 2ot 5ty il Vorm

W (bl 5ees) g5l o515 DLl 51 3L 5y Veon
() e O3 (5551 Sl s 4G

@) 29551 Sy 48

(o) oLl et F

B (ot ) lagls ez R

(Pa) (39,040 315 S5 las Py,

(Pa) ()5S 58 S5z 28 Py,

(K) 59w o 0 Sloe sloo T

(K) 29 J a2 o slos Trey

(6) s o paiges oo T

() o Jm ) Ol Sz i

(ﬁ) So 3y 5l heee alaxd o b > JSs lo

(3o 539) b JUasl cupo x

W) ol o Skee 5 (5 gm 4 danly SO el oo b
@ Laé @b 5l bogsn JWST pln jo Cuglis R,

(A g) (s Joy oois |55 slaJsbo slasi Negy
@m?) (35 Joy Jobo y2 Jlad ghaiio mhaw Acen

(cm3) &1 09 2SIl o Van

(1) (Byan 59,00 pxlaw LoH

(1) b 5, cundg SoC

(1) 5,L gleadl, Nch

(1) 6 5L ook Mbat

() 55k olendl, Nais



AR gl...oo)Lo.u

VFT 50l oF o)l OF Al 3 55 oRiils (5, owdigee dloeo [ FFY

[21]

[22]

[23]

[24]

[25]

[26]

[27]

A. Ferrara, M. Okoli, S. Jakubek, and C. Hametner, ‘Energy
management of heavy-duty fuel cell electric vehicles: Model
predictive control for fuel consumption and lifetime
optimization’, IFAC-PapersOnLine, vol. 53, no. 2, pp. 14205—
14210, 2020, doi: 10.1016/j.ifacol.2020.12.1053.

D. F. Pereira, F. D. C. Lopes, and E. H. Watanabe, ‘Nonlinear
Model Predictive Control for the Energy Management of Fuel
Cell Hybrid Electric Vehicles in Real Time’, IEEE Trans. Ind.
Electron., vol. 68, no. 4, pp. 3213-3223, 2021, doi:
10.1109/TIE.2020.2979528.

D. Shen, C. C. Lim, and P. Shi, ‘Robust fuzzy model predictive
control for energy management systems in fuel cell vehicles’,
Control Eng. Pract., vol. 98, no. January, p. 104364, 2020, doi:
10.1016/j.conengprac.2020.104364.

Q. Guo, Z. Zhao, P. Shen, and P. Zhou, ‘Optimization
management of hybrid energy source of fuel cell truck based on
model predictive control using traffic light information’, Control
Theory Technol., vol. 17, no. 4, pp. 309-324, 2019, doi:
10.1007/s11768-019-9118-1.

W. Xin, E. Xu, W. Zheng, H. Feng, and J. Qin, ‘Optimal energy
management of fuel cell hybrid electric vehicle based on model
predictive control and on-line mass estimation’, Energy Reports,
vol. 8, pp. 4964-4974, 2022, doi: 10.1016/j.egyr.2022.03.194.

G. Bruni, S. Cordiner, V. Mulone, V. Rocco, and F. Spagnolo,
‘A study on the energy management in domestic micro-grids
based on model predictive control strategies q’, Energy Convers.
Manag., vol. 102, pp- 50-58, 2015, doi:
10.1016/j.enconman.2015.01.067.

G. Bruni, S. Cordiner, V. Mulone, V. Sinisi, and F. Spagnolo,
‘Energy management in a domestic microgrid by means of
model predictive controllers’, Energy, vol. 108, pp. 119-131,
2015, doi: 10.1016/j.energy.2015.08.004.

6)'@ 0dsS J)...AS 'QBLE.A ¢_>l).b“ ‘)jﬁilﬁj 0y g ‘kSQJL‘” > [YA]

U5 6l LS JolS5 3Lty i 590 5 50 53,550 PID
oy s e 58,5 5 3 b o o 45, S
Vol £8 (5 05 oKl D 0uSaild) Gy gwdige Tda Coxlad
Pp. YFV\=Y0F VY20, [Onlinel. Available «(VY =k no. Y

https:/sid.ir/paper/vosfseifa

Siebgr SLSl 655l Copae’ Lyl o and e g [TY]
aby Ol (85 s 5o b aSiln, oy (S slegyoe>
NVOL ¥V, N0. Y 5 s oKl (G0 porkigo dlzma ) b (065 Femls

pp.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

FOO—FFY, Yely, [Online]. Available

https://tjee.tabrizu.ac.ir/article_88A+ html

A. A. Memon and K. Kauhaniemi, ‘Real-Time Hardware-in-the-
Loop Testing of IEC 61850 GOOSE-Based Logically Selective
Adaptive Protection of AC Microgrid’, IEEE Access, vol. 9, pp.
154612-154639, 2021, doi: 10.1109/ACCESS.2021.3128370.

C. Bordons, F. Garcia-Torres, and M. A. Ridao, Model
Predictive Control of Microgrids. 2020. [Online]. Available:
http://link.springer.com/10.1007/978-3-030-24570-2

S. Jahan, M. T. Islam, and S. Chowdhury, ‘Investigation of
Power Performance of a PEM Fuel Cell Using MATLAB
Simulation’, Malaysian J. Appl. Sci., vol. 5, no. 1, pp. 83-94,
2020, doi: 10.37231/myjas.2020.5.1.230.

E. Crespi, G. Guandalini, G. N. Cantero, and S. Campanari,
‘Dynamic Modeling of a PEM Fuel Cell Power Plant for
Flexibility Optimization and Grid Support’, Energies, vol. 15,
no. 13, pp. 1-23, 2022, doi: 10.3390/en15134801.

M. Schwenzer, M. Ay, T. Bergs, and D. Abel, ‘Review on model
predictive control: an engineering perspective’, Int. J. Adv.
Manuf. Technol., vol. 117, no. 5-6, pp. 1327-1349, 2021, doi:
10.1007/s00170-021-07682-3.

X. Chen, W. Cao, Q. Zhang, S. Hu, and J. Zhang, ‘Artificial
Intelligence-Aided Model Predictive Control for a Grid-Tied
Wind-Hydrogen-Fuel Cell System’, IEEE Access, vol. 8. pp.
92418-92430, 2020. doi: 10.1109/ACCESS.2020.2994577.

V. A. Freire, L. V. R. de Arruda, C. Bordons, and J. J. Marquez,
‘Optimal Demand Response Management of a Residential

[5]

[6]

[71

(8]

[°]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

A. Arsalis, G. E. Georghiou, and P. Papanastasiou, ‘Recent
Research Progress in Hybrid Photovoltaic—Regenerative
Hydrogen Fuel Cell Microgrid Systems’, Energies, vol. 15, no.
10, 2022, doi: 10.3390/en15103512.

K. Kumar, M. Alam, and V. Dutta, ‘Energy management
strategy for integration of fuel cell-electrolyzer technologies in
microgrid’, Int. J. Hydrogen Energy, vol. 46, no. 68, pp. 33738—
33755, 2021, doi: 10.1016/j.ijhydene.2021.07.203.

V. Suresh, N. Pachauri, and T. Vigneysh, ‘Decentralized control
strategy for fuel cell/PVV/BESS based microgrid using modified
fractional order PI controller’, Int. J. Hydrogen Energy, vol. 46,
no. 5, pp. 4417-4436, 2021, doi:
10.1016/j.ijhydene.2020.11.050.

A. A. Kamel, H. Rezk, N. Shehata, and J. Thomas, ‘Energy
management of a dc microgrid composed of photovoltaic/fuel
cell/battery/supercapacitor systems’, Batteries, vol. 5, no. 3,
2019, doi: 10.3390/BATTERIES5030063.

S. Vasantharaj, V. Indragandhi, V. Subramaniyaswamy, Y.
Teekaraman, R. Kuppusamy, and S. Nikolovski, ‘Efficient
control of dc microgrid with hybrid pv—fuel cell and energy
storage systems’, Energies, vol. 14, no. 11, 2021, doi:
10.3390/en14113234.

Y. Zhang and W. Wei, ‘Model construction and energy
management system of lithium battery, PV generator, hydrogen
production unit and fuel cell in islanded AC microgrid’, Int. J.
Hydrogen Energy, vol. 45, no. 33, pp. 16381-16397, 2020, doi:
10.1016/j.ijhydene.2020.04.155.

B. Benlahbib et al., ‘Experimental investigation of power
management and control of a PV/wind/fuel cell/battery hybrid
energy system microgrid’, Int. J. Hydrogen Energy, vol. 45, no.
53, pp. 29110-29122, 2020, doi:
10.1016/j.ijhydene.2020.07.251.

Q. Meng, C. Su, H. Niu, Z. Hou, and M. Ashourian, ‘Optimal
impacts of combined fuel-cell/CHP/battery and power microgrid
with real-time energy management’, Energy Sources, Part A
Recover. Util. Environ. Eff., vol. 45, no. 3, pp. 6596-6619, 2023,
doi: 10.1080/15567036.2019.1675812.

M. M. Samy and K. A. Alkhuzaii, ‘Optimization and Sizing of
an Island Microgrid Based on Photovoltaic/Fuel Cell (Pv/Fc) in
Ksa’, Yanbu J. Eng. Sci., vol. 17, no. 1, 2019, doi:
10.53370/001¢.23728.

S. N. Mtolo and A. K. Saha, ‘A Review of the Optimization and
Control Strategies for Fuel Cell Power Plants in a Microgrid
Environment’, IEEE Access, vol. 9, pp. 146900-146920, 2021,
doi: 10.1109/ACCESS.2021.3123181.

T. Zeng et al., ‘Fast identification of power change rate of PEM
fuel cell based on data dimensionality reduction approach’, Int.
J. Hydrogen Energy, vol. 44, no. 38, pp. 21101-21109, 2019,
doi: 10.1016/j.ijhydene.2019.01.034.

T. A. Fagundes, G. H. F. Fuzato, P. G. B. Ferreira, M.
Biczkowski, and R. Q. Machado, ‘Fuzzy Controller for Energy
Management and SoC Equalization in DC Microgrids Powered
by Fuel Cell and Energy Storage Units’, IEEE J. Emerg. Sel.
Top. Ind. Electron., vol. 3, no. 1, pp. 90-100, 2021, doi:
10.1109/jestie.2021.3088419.

A. Aguilera Gonzalez, M. Bottarini, I. Vechiu, L. Gautier, L.
Ollivier, and L. Larre, ‘Model Predictive Control for the Energy
Management of A Hybrid PV/Battery/Fuel Cell Power Plant’,
SEST 2019 - 2nd Int. Conf. Smart Energy Syst. Technol., 2019,
doi: 10.1109/SEST.2019.8849051.

C. Ziogou, S. Voutetakis, M. C. Georgiadis, and S.
Papadopoulou, ‘Model predictive control (MPC) strategies for
PEM fuel cell systems — A comparative experimental
demonstration’, Chem. Eng. Res. Des., vol. 131, pp. 656-670,
2018, doi: 10.1016/j.cherd.2018.01.024.

F. Garcia-Torres, A. Zafra-Cabeza, C. Silva, S. Grieu, T. Darure,
and A. Estanqueiro, ‘Model predictive control for microgrid
functionalities: Review and future challenges’, Energies, vol.
14, no. 5, pp. 1-26, 2021, doi: 10.3390/en14051296.

F. Alavi, N. Van De Wouw, and B. De Schutter, ‘Power
Scheduling of Fuel Cell Cars in an Islanded Mode Microgrid
with Private Driving Patterns’, IEEE Trans. Control Syst.
Technol., vol. 28, no. 4, pp. 1393-1403, 2020, doi:
10.1109/TCST.2019.2911491.



Ve ol ojless VFY 50l oF o)l OF Al o3 55 oKiils (5, owdigeo aloeo [ FFF

8, 2020, doi: 10.1109/ACCESS.2020.3045459. Microgrid using Model Predictive Control’, IEEE Access, vol.



