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(57) ABSTRACT

An mmproved EMS (Energy Management System) of ESS
(Energy Storage System)—connected photovoltaic power
system 1s provided, where the economic efliciency of the
microgrid power transaction 1s maximized by minimizing,
the amount paid to the power system as a result of optimal
operation as to the energy supply and demand in the process
of transacting power surplus/shortage with the power sys-
tem, the responsiveness to passive resource energy forecast-
ing of supply and demand i1s improved by resolving the
uncertainty of solar power generation forecasting and load
forecasting, the deterioration of the available storage capac-
ity of ESS 1s minimized, and contribution to solving the
nation’s power supply shortage 1s made by the operation
based on the detailed i1dentification of energy storage status

of ESS.

- - 100
iy ek sde dee Bl e e el e e sl e ol il e wl e e sl A wl e e wle e Bl e e B iy ded wmalk k- Bl sl ke Wl il e wle e " =as  ddnd wl oln ded wl

»
-
ﬁl“}‘ﬁ!“‘.‘#““.‘lﬁ-_p“l“fﬁrﬁ-“ e Bl A B R A Byl W B Bl R Sl N e Bl W, A Bl i S Nl A B i B B i B RS A Bl W, S B o B B e e N, i e
ra

p K
) {
: } ]
i 1 : !
! LI t :
! 3 i t 1
; ! { S . ! !
; 1 : _ b : PV ioad Forgeast Data 172 S
1 PP < P E . . . ]
| areew) Data Stotage | e nnncans .”.....,{,“4 Forecast brrmvrmvrmmmmcmr e v ; | o
- | : ¢ -
: \ : : - $ __.-"1’:' : :
! : : i X .-'""‘ ' '
Loy ; 5 . v e | - . i |
) | i ESS Operation Schedule Calculation o
i 5 i} 1
: : ! : 1 - : |
; l : | E . | . :E i x ot e t :
L : {1 Comstraant 5§ | Objeciive L
’ i i 3 { i 1 !
! I | P Funchon P
N : | s o
| ! ! : { | H ]
1 z : f -
; v . 3 I i ...} - . , - o ."- K7 < i 1
. : PV Toad : _1 : Lplimizalion Consiants )
o : t -
: { : fottﬂ $ i : } A
P 4 ) : . t !
i ! 4. {} ’ ! A ' 3 H !
ooy :
AL ~ : : o e o e e et e f o i e e e
R 4‘*@__’0 ’ : ; L Exfernal
I ! ¢ ‘: ' ) . - ' . .
ol \ f : ¢ A Powver Lingt | L Operating
St intbaiaitadbaliall wihali gl il sl el e e e v (er )
‘1 ! Prce Inlo | o Conddums
I t i i
IRE : , (Denandd
I | ' .
ERH SU{ : 600 1 Responseefe)
3od ! y i b ’ '
Py N, ; : ;
Py Y p ‘ -
R ER] l} : ‘1*: :
!y pelareaaliil SR BT L. e T
b S E -
o B Power Exchange | i Eveat
| : E ************************************** | {Oecumence )
P { g ‘
' — 3 ) 3 o~ LAETT FIAY
¥ e 430 { Derves
¥ . E——
! U U P, :
; )
! {
}



US 2022/0060018 Al

100

R

Feb. 24, 2022 Sheet 1 of 5

300

Patent Application Publication
FIG. 1

I..'.II..'.I..I L N .III'.I..I. s Ey =y .'II.II.'.II 'I I..I..I I.' | A l.l 111 “
! ¢
1 {
“ { o,
o § ;
S N T
H T % R - SO SRR
{ 2 ! } e 1...._.,_ wu.____i.-. ..W.EM .M_..n u
i Lo { - .uu. e oy i .
‘ m H qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq { _n...__,M e ﬂm v u .__...___..-..._.._._
! . e " BRI ol - N+ S 7 : a4
) e . " T R B : 5
. { e 35 . oo M 4y WD i P
j it , \n 1 S | ;.h......i u_“n,. o i i
. } T o~ e~} o ) “w...m AN i D
by N 3 poc o v O G e m ped
ﬁ U -2 w58 o { U I
f i aa N m.. LA _..H.% Gt " _____.._.__.n ,Ttw iiiiiiiiiiiiiiiii ; ﬁ “....__ rﬂ.\.
by .. IS e £F ) = ) PoXy M
{ ; 5 Ay ..___....\i.....__. il .__._._....____. * } i W.? .__.._........._.V ﬂ
j et ” S 3 ¢ s o I
L o (BE @] AR
(3 % , by o R
y oo - b &
y 3 _., :
! X g3 ; $ S
.
Ly e e vd { ”
T “ ~ )
! ! 3l i
{ ) i ] b
1
} P A et ] Yo -
¢ 2 B 2 b
3 ~ b 4 gt iy by P W
o ot $ Kot o~ R oy (S
- . A ] .
“ { .ﬂ...__.. ” hS m . w “ L e i e Rl el ”m it
S : p o P> [ A i et 1
i ﬁ._...n L Ao ) £ ¥ Pty k
} -3 el S il X “ ) iy pu E, v
L 3 S| F 2001 B |2
¢ r il o 3 o, T e 34
by £y o b N gy b
H gt “. _-..u ..._-I_.__ 5 \mlw* .1.1..[- ' 4 w..___..l.
! 3} ;o .I.J\H. . - . i ] . . . ;' e
{ . _.;wa i iy (o ' | L ” ..,.w“ 4 $
} § o e T W ] i v S
Leieiof . .___._U 3 e b b b e e b b b M ¥ __.,._.M._.___ nU._.N e “m w__._.W
e Jomt ' ; ! 7 L
H SN ; ’ e SO
(1 i ” Ly = :
L .ﬁ }._ 4 .— k]
} o rer=y 0 ‘ R ﬂﬂi. 11111111
- )] Y 3} . *
LI H ' $
{ * \ > ..__ ! w
- ﬁ & ﬂ
{ ..*.u ¢ ' i M
! ; P S '
H ! }
! M/ [ ; t
) 5 e ¢ }
! . ot . $
3 T n..i - + { }
{ i . LA | H {
y o . ' ¢
o ! i : i
vea 4 Lo 4 { it
™y ; 0 I ¢ i I .,
) y F iy ¢ ' I
L W , ; t oy
{ -4 )
§ "5 ' ¢ i .
“ 3 m[.t.L “ H } g
i ntq{.i}{i\t{.f}_.ii}?{ l.}...i.i..\._.{.}Ii}li.“}{il:{j}{i.}{.h !
} ! ' ¢
{ i : ¥
f ) , ¢
| ! ’ $
| * ‘ T
! ! ! e
{ i " wt  }
4 b e e ke
“ “ _- E -.m_#_ﬂ- _.....___ “
ﬁ n m ‘}ﬁjlw & u. e  irptiegtiegigtiegtivgtirgtivgdl  Hypie ey gpie ey “ w
u " . _._.____.l__.__ fﬂu . .__._., .. h
' i ? N i
! A l ' £ = S | j {
- . o ) - { % . { 1
{ Kimar® } ; ‘5 e $ ! . ' ; }
} Lt promreremnrens , ' bl U : ? o ; 2
h ‘" L e iy e R iy s e ey e G iy At e B ] ity iy ‘_. . " _"l “
_ f 4 ¢ . il o SNNPRS v, H s
1Y : .”v.hh £ I\t_..-m : h)..} v....-... __.
_ \ P } g o ~ {
X N u" u_.c.._..____ g "” it nn { {
. $ _ SR o, ! _
M. Va ._..n" QJ. ﬂ- e ﬂ L ﬂ .ﬂ
. § M o ¢ “ ¢
“ { o i B foreeemmmemsmesuvivtrtonenn ” _., }
s S - {
. P oo M oo | o
“ { fae o g eed (0T 4 S
K " ...!- ] e n _.-...I.l.__.\ ﬂ ..
_ Lo o STV LR “ L
“ A o B S TSR _ S
__ ! o L : ; “ ' “
; I S | s
f$ A &mmemmemmmee s T T ) L 3
1 * 111111111111111111111111111111111 N_li- llllllllllll ] *



L]
»
s .1“..... o N R L e
: t . e o Nu.u .
a 1 - .o . . -
i M@ .M% .n W - - ¥,
0 . .._ -, L T T T T T T A .o . .
. X ¥ L o . .
.................................................................................. “uwﬁhﬂvﬂ. hﬁ#ﬁaﬁnﬂw +s x
................. ¥ r r P L
. I §or »
F e N.l-. . Ta r .
6 " mﬂ %“WM H.ﬁﬁ_ Muvm x.ﬂm.-un m%Wﬂr Mﬁ X M T T T T T e S P L
... ...-.l. s s Y. . __.l X .o
% o | S w.wm %ﬁuﬂ. M#...h.m. .wwh“ .._" v
.1 & .I.L. i ar
. . - L] - '. L -
L L -w 'ul._ x -
..... T T S e T T T T T T T Y L X LI " & l » . .-
"a —ut ro 5 &= 1 ........................................................ s, L e
- s .o e T » W T T T T Tt a L. “IL-
ax - . X ._. Far - . .
LN . a - a "N L r . Imm "
¥ PR A P “u 2 T e __.“_. . .
l._.-lll.l s . - » X T e A . o
LI - A x . o ax ¥
2 ...... e T T T T T B T T e e e LA Soe e b X Ce -
K . . . .ow r .. ¥ . L e T
N a . .. N Cd LTt * P I =
.. - A . e T T T T I T T T T L
» . » - F r » - L x
- N . . . L - . - x . L
. . r e r e - 3 - » A »
o - . o e - T . h - N e r [y a
= r - T ¥ S x> . r . a - »
. . A - o N X X - . = s ¥ .. v
» . Pl - » . . » . » .
...... .....r..r.?..r..r..r..r..r..-_... LT ..lh_.r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r.........__.... f ..4...__..__.............. .r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r.1 L e e e LA a H ' 1”
. . ' . . r -
....._1 e s ¥ ”_11.._ . . P ....r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..r..-_. ‘. P [ S S S O R R 1.7...__...1.._1. T e
e . . r .
- x . & - x . i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e I 2 - A o. ...
» a” - . ™ e ma B o L T r _..... "k . e e TR *, __.....
a ol -F “a e L. - a . . “» r * a2 . 1.-_._.. . P N ‘
& b - 4 r T CC B | L F - LA | L] ¥ - .ﬂ.ﬂi
- ™ r T T T ar ror Fm .. . . e e . . R a . [ -k
- ' r M - . - - a Tal. . [y ¥ .. W - x  oa
................ u R T T T T L T T o T T T T U T o T ' T T T T T T T T R T T P o - a oA e r
. = = - L » . o . T - > . » ™ a I Lo ey
S - .o .- . X & . .- - F e o R e T T T 3 s a " Al e a i P P e
ur - X R ' 1 - r . " T ' r
a = - = a K . x . - . .. ow . . N oa . r - C e e [
- . Fa A % - " x " - .
N oA g a s . ¥ . u A .o P L Ty W ... .orowm w -
- *Eor a [ » r = r r "
woE . ' 1 L . Lo v, e . - -
U » [ 1 . * “a L s e i e
ko = N . ' - el - ' X
...... T 2 e T TR i S S ur .
- r a » N - * r - - . M 5
b . + . a2 . - - - - M"M ....... o T T e lf'l‘l‘
r - a - . . » ¥ wr ' - " -
3 e 3 E - » . % - o . . - . ¥ . - I-u.
» 3 - e . - » a - - - L -
r - . r m P - - I L . N - Pl T -
S s - e T T * - e .. - . e . e
. 3 . r x " Fona > F P - -
™ . - . . oa » * .. r " a - . a a .
. ¥ » . L r . - L 1 . X .
L e L L Lty . L L L T Lt s s A R D o PR - e » - ] K a' et 0T
. . T T Tt R ¥ N P W e e e e e e e e T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
. » ¥ - - » r - r ek . .
ﬂ‘lh.l. "_“.“ R, ¥ ..” . » v - - . * . . ot - .h - -
o e . .ﬁ.._ - r . . - . LS *, . - oo e, . [ X .
. [ 1 T S = r N a - '
. . . . ..1.-. - - T - . » s . o ' - -
T L L A Lo, S a2 "a - - - . . . A .k ' v .
. N - - - ¥ * e s
L} . . - - » . . . N __.. . LN -
. T .
" ”1”. ..... ..__. ................ L T T T T R R ..mw R ._..__ ...... L L L e _..“..1 .............................. 1_-... .__.I?...W”
. - . - a [
Y “ 1“ a - [ . et — - -
- . - '
P P Ut P PR A P P PO L P PP p/ARh RN . .mu. M.tm, N@%v.f NNM@ .WU. sl . -
‘l ‘.—. ll 1- ..... fl ¥ w i .....
' _._.

..... .1._..._.._.._.._....._.._.._.._.._................. .__._..__.__.__.._.__._..__.__.__.._.__.__.._..._........._..._......_..._..._.............__.__.._.__._..._.__.__.._.__._..__.__.__.._..................__..__..._.n.
. - T F F FFFEEFEEFEER .. . . . B T e T T T T T T Tt Tt et T FTEELE R R R R R R A N N e

-r.il'l-.lih'l.lilil.lil.lihil.l

¥
T

| ”@mﬂﬁﬁmﬁm
paedory

Feb. 24, 2022 Sheet 2 of 5
&
~=:i_,-

____________________________________ ...#mﬁ& g R e
______ | BatirepmsgSaiiang wi
) ___”.m_”_m.wﬁ_*.:_r.__..w._m_*..m.._ﬂ.m_*m._”._.__m_*m*_tm.xﬁ__..___ e B S ¥ ...".,..,..,..,._,..,..,._,.p..,._,.p..,._,.w .
A S o N et
RS - m._......_..._.._._..“m._.h,mn_ T el I T T T el T e e S
et TR T Bunanyeyy R SR i
| .__«.m?va..wﬁa% ﬂu\wﬁuﬁ%m e I ﬂnww
S . . S . ...... mmmﬁﬁ -.mﬁ.ﬁvanﬂv.m g@ﬁ%w .,”,_u. .

el k|

Patent Application Publication



US 2022/0060018 Al

Feb. 24, 2022 Sheet 3 of 5

Patent Application Publication

3

F1G

s

|

.l-‘.;..'.“
1.-:-

EL

A

"y

TR

el

*
»

T

3

B e

R
it

it

ad

SHE

3

L3

. . .

o

v

>
e

o
a

<

i

Yo
5‘%45_‘;

353

l-_: ‘h
g

. ..J',
) ¥

P

L]

.....__!.M ._.
< waw]
st

[
-

3

o
o

33

3

- LA
D

(17

=

s

2R




US 2022/0060018 Al

{Ad-pro)

........

Aiddng

Feb. 24, 2022 Sheet 4 of 5

v OIA

Patent Application Publication



US 2022/0060018 Al

Feb. 24, 2022 Sheet 5 of 5

Patent Application Publication

0 ... l..- .- - L]
. ._..- .........._.__.._.__.._n.._n.._l Lt . '
4

.H_..T.._..t.v.r.t.v.r.. T " . '
AL R A IR - . '
) SR .r....-..l..r....r.;..r.;..r....r.;..ri.l . " - '
ce e R R e s . .
R EE L EEEEENEE - - - - . .
| .H‘HIH..HIHIH.HIHIH.HIH.H. .
M A A M A A K N AN A N
a e dr e Jrode k.
-.L.. 1..”#”?”?”?”&”?”& L LT " ) '
. . e
. B dr e iy
B L A M)

L
.

i
.

aga

. . . '
oL ...“. . ' . o
. . . '
. e . SRR | A - . T

Tajagalal
:l‘_ﬁ

. PR . . .ol
. . ) . r -
. P . '
. I . ..-..-- . \ . '

] '
L - -

. . ' . R

[ ] - - ) r -.—..

. . - Lt . . .1.”..1..1.

.r.-l . ' . ' 1.

. . P ' .

. u . . ' - -

[] ' Py

. A T . . . ' -

.-..- . ' . f e

a

L

P e et e

-

. . - - 1]
. K - A 3
P )
. . r.
. . . - | Y
. . - - e

L

S
TR
. . .
F] . -
.- P
w . v
L et
" ra
T R
. - . e
r - oa . -
. - . a1 [
e e e - PLREIEIE R
. .u.l.:..__”-.._-...q-!.-_ﬂf-.-.t.”_.ll. ) 1”| _.-.. " R

IR a T St Tal A a '
. P . . - . e .
- T T ' poaa U . e T e ok PR P
S ra . - .. ar . . i . . a.
P o ' .__. L 1H.—_ P g ™y __.._..._ '
... . y - . . . . x N a - . o
- a ' ' ' P Ll . ra a r .
. .l..._. . M P F . R a . »* ...._ . . -..-___ .__....
- r - ' PR ra * . 0y ¥ - P R
P . e STl g . * e F e
- x4 ' .ok . L] N . r EN P F AL
N . o T . PR R P B
R P ' LI A o1 P
o g ' . o . [3 Al e m
. . ma ' e R T R T T e
1y . s a P . L. SR -
' ] ' L e - ST r. Y
M . ¥ T . . P P
' [ . o r k.




US 2022/0060018 Al

MICROGRID SYSTEM COMPRISING
ENERGY MANAGEMENT SYSTEM OFK
ENERGY STORAGE SYSTEM
(ESS)-CONNECTED PHOTOVOLTAIC
POWER SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to Korean Patent
Application No. 10-2020-0105203, filed Aug. 21, 2020, the
entire content of which 1s hereby mcorporated by reference.

BACKGROUND

1. Field of the Invention

[0002] The present invention relates to a microgrid system
comprising an energy management system ol an energy
storage system-connected photovoltaic power system. More
specifically, the present invention related to a microgrd
system comprising an improved EMS (Energy Management
System) of ESS (Energy Storage System)—connected pho-
tovoltaic power system wherein the economic efliciency of
the microgrid power transaction 1s maximized by minimiz-
ing the amount paid to the power system as a result of
optimal operation as to the energy supply and demand 1n the
process of transacting power surplus/shortage with the
power system, the responsiveness to passive resource energy
forecasting of supply and demand 1s improved by resolving
the uncertainty of solar power generation forecasting and
load forecasting, the deterioration of the available storage
capacity of ESS 1s minimized, and contribution to solving
the nation’s power supply shortage 1s made by the operation
based on the detailed 1dentification of energy storage status

of ESS.

2. Description of Related Art

[0003] Eflorts are being made 1n each country to prevent
global warming along with the depletion of fossil fuels, and
as a part ol such eflorts, technology development on eco-
friendly energy i1s increasing. In addition, the rapidly
increasing demand for electricity calls for a number of tasks
regarding policy formulation and solutions to resolve the
national electricity shortage. Accordingly, the need ifor
energy-independent zero-energy community-based technol-
ogy has emerged nationally, and the competition to preoc-
cupy the market by various player including global compa-
nies 1s being heated 1n the field of microgrnid with the
objective of coping with global climate change and solving
energy shortage problem.

[0004] However, domestically, the field of real-time
energy sharing and trading based on microgrids remains at
carly stage in view of the worldwide technology develop-
ment level, so concentrated eflorts for faster technology
development i1s necessary to occupy the market early. Early
acquisition of technology is necessary to expand domestic
technological capacity for world market 1n this field. It 1s
necessary to develop technologies on automatic generation
of operation schedule on microgrid distributed resources.
And it should be noted that the parading 1s shifting from
conventional manual control by the manager to software-
based automatic control.

Feb. 24, 2022

SUMMARY OF THE INVENTION

[0005] The main objective of the present invention 1s to
provide a microgrid system comprising an improved EMS
(Energy Management System) of ESS (Energy Storage
System)—connected photovoltaic power system to maxi-
mize the economic efliciency of the microgrid power trans-
action by minimizing the amount paid to the power system
as a result of optimal operation as to the energy supply and
demand 1n the process of transacting power surplus/shortage
with the power system (grid), to improve the responsiveness
to passive resource energy forecasting of supply and demand
by resolving the uncertainty of solar power generation
forecasting and load forecasting, to minimize the deteriora-
tion of the available storage capacity of ESS, and to make
contribution to solving the nation’s power supply shortage
by the operation based on the detailed identification of
energy storage status of ESS. Here passive energy means
energy generated by distributed energy generation means
such as PV (photovoltaic system), wind power system, fuel
cell system, etc. And also, EG stands for energy generation.
[0006] To achieve the objective described above related to
a microgrid system comprising an EMS (energy manage-
ment system) ESS (Energy Storage System), the present
invention provides a microgrid system comprising an EMS
(energy management system) of ESS (Energy Storage Sys-
tem )—connected photovoltaic power system, the EMS com-
prising: a first module which forecasts power supply and
demand, does operation scheduling, and controls ESS that
stores a distributed energy generation system’s electricity, or
photovoltaic (PV) electricity, as an example; a second mod-
ule for checking and managing state of charge of the ESS;
a third module for calculating and managing the discharge
rate of the ESS; a fourth module for system power leveling
control to reduce a difference between maximum value and
minimum value of system power by checking a load, pho-
tovoltaic power generation amount, charge/discharge rate of
ESS, and system power usage by the microgrid; a fifth
module for system power smoothing control reducing a
variation 1n the usage of system power by time period; a
s1xth module for controlling power smoothing of the ESS; a
seventh module for controlling the peak of power usage; an
eighth module for controlling net zero energy operation so
that power demand and supply are balanced; a ninth module
for controlling a power demand response based on the
amount of ESS discharge; and a control unit for controlling
cach module.

[0007] According to the present invention, beneficial
ellects such as maximizing the economic efliciency of the
microgrid power transaction by minimizing the amount paid
to the power system as a result of optimal operation as to the
energy supply and demand in the process ol transacting
power surplus/shortage with the power system, improving
the responsiveness to passive resource energy forecasting of
supply and demand by resolving the uncertainty of solar
power generation forecasting and load forecasting, minimiz-
ing the deterioration of the available storage capacity of
ESS, and contribution to solving the nation’s power supply
shortage by the operation based on the detailed 1dentification
of energy storage status of ESS may be achieved.

[0008] According to an embodiment, the present invention
provides a microgrid system comprising an energy genera-
tion (EQG) system; one or more electrical load coupled to the
EG system; an ESS (energy storage system) coupled to the
EG system and the electrical load; an EMS (energy man-
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agement system) for managing energy ol the micrognd
including the EG, the one or more electrical load, the ESS,
and power transaction between the microgrid and a system
power (grid);

wherein the EMS comprises: a first module which forecasts
power supply and demand, does operation scheduling, and
controls ESS that stores EG electricity; a second module for
checking and managing state of charge of the ESS; a third
module for calculating and managing the discharge rate of
the ESS; a fourth module for system power flattening control
to reduce a diflerence between maximum value and mini-
mum value of system power by checking the load, the EG
system generation amount, charge/discharge rate of the ESS,
and the system power (grid) power usage by the microgrid;
a fifth module for system power smoothing control reducing
a variation in the usage of system power by time periods; a
sixth module for controlling power smoothing of the ESS; a
seventh module for controlling the peak of power usage; an
cighth module for controlling net zero energy operation so
that power demand and supply are balanced; a ninth module
for controlling a power demand response based on the
amount ol ESS discharge; and a control unit for controlling
cach module, wherein controlling operations of the modules
are conducted so as to minimize the amount paid to the grid.

[0009] According to another embodiment, the present
invention provides a system wherein the controlling opera-
tions of the modules are further conducted to retlect a
difference between a maximum system power (grid) usage
and a minimum system power (grid).

[0010] According to still another embodiment, the present
invention provides a system wherein the controlling opera-
tions of the modules are further conducted to retlect the peak
power usage.

Classification

Linked type MG for
MG customers

MG for
distribution

Standalone  Energy

MG Independent

MG

Hybrid
MG

[0011] According to another embodiment, the present
invention provides a system wherein the controlling opera-
tion of the modules are further conducted to retlect power
smoothing of the ESS.

Application

Power company
(By D/L section) purchase cost|, reliability

Islands, Remote
Areas (Electricity Diesel generator controls voltage/frequency
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[0012] According to another embodiment, the present
invention provides a system wherein the controlling opera-
tion of the modules are further conducted to retlect the net
Zero energy operation.

[0013] According to still another embodiment, the present
invention provides a system wherein the controlling opera-
tion of the modules are further conducted to reflect the
power demand response based on the amount of ESS
discharge.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 shows a system diagram of a micrognd
system according to certain embodiment.

[0015] FIG. 2 1s an example that shows how system power
usage and ESS charging/discharging power change depend-
ing on the external conditions (peak control, net zero opera-
tion, flattening and demand response, etc.) applied.

[0016] FIGS. 3-5 are exemplary views showing examples
wherein information to be forecasted and monitored by an
EMS of ESS-connected photovoltaic power system.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0017] Heremafter, preferred embodiments according to
the present invention will be described 1n more detail with
reference to the accompanying drawings. The present inven-
tion 1s related to a microgrid (MG) 400 which comprises an
energy storage system (ESS) 410, and an energy manage-
ment system (EMS) 100. First, a microgrid (MG) 1s a system
composed of distributed power sources or MG’s, various
power loads, and measuring instruments, and 1s operated
independently or in connection with the power grnid of a
power company, and 1s classified as shown 1n Table 1.

TABLE 1

Characteristic

Customer-owned Electricity transaction + self-generation — electricity
facilities

rate |, reliability ]

Always connected operation with distribution system
Uninterrupted supply by switching to single operation in
case of emergency

Composed of one or more MGs 1n campus, hospital,
building, military base, etc. Example) Smart E-Campus
Power line operation efliciency + self-generation —

Renewable E+ battery connection, operating all or part
of the distribution system as MG — Power line operation

efliciency, increasing new and renewable energy e.g.)
Linked MG (Shinan), Canadian distribution-class MG

project
Small and Self-generation + MG EMS — fuel cost|,
Medium Sized quality/reliability ]
Islands Inverter controls voltage/frequency: improves power
(Electricity quality
Projects) High new and renewable energy introduction rate (50%
or more) Ex) Kasa Island energy independence island
Large Sized Self-generation + MG EMS — fuel cost|,

quality/reliability |

Projects) Diesel generator + renewable energy (less than 50%)
Ex) Geochado, Ulleungdo, Deokjeokdo, etc.
[0018] FIG. 1 shows a system diagram of a micrognd

system according to certain embodiment. Here, solid line
arrows 1ndicate the supply of power, and dotted line arrows
the flow of mformation. Although both energy management
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system (EMS) 100 and data storage 200 belong to the
Microgrid 400, the Microgrid Sub-system 430, in this case,
1s one that consists of new and renewable energy sources or
EG sources, loads and energy storage system (ESS) 410.
There are a number of new and renewable energy sources
such as photovoltaic (PV) and wind turbine (WT) but only
PV 420 was 1ndicated for convenience. The power produced
by PV will be stored in the ESS or consumed by the load.
Also, PV/Load data are used to predict the future PV/load
value after bemng stored in data storage. The Power Gnd
(Gnid 300) supply electricity to the ESS 410 or load 430,
whereas the unit cost of power 1s provided at the power
exchange 500. The event server 600 assumes the role of
notifying the situation wherein DR (Demand Response) or
net zero operation 1s required. There will be no information
about the external operating conditions from the event server
in a scenario that does not include any special conditions;
otherwise, the constraints and objective function will be
changed after receiving external operating condition infor-
mation. And the conditions may include peak control, power
use flattening, power demand response and operation of net
Zero energy, etc.

[0019] FIG. 2 1s a diagram that shows, as an example, how
system power usage and ESS 410 charging/discharging
power change depending on the external conditions applied.
The picture on the upper left 1s a basic setting and the rest
of the pictures i order of bottom left, bottom center, upper
left and bottom right show the change when peak control,
net zero operation, flattening and demand response have
been applied, respectively.

[0020] An ESS 410 15 a device for improving efliciency 1n
terms of energy use or cost reduction by storing electricity
when 1t 1s produced by renewable energy generation (solar
power generation) or when the power cost in the system 1s
low and supplying 1t when necessary.

[0021] An EMS 100 refers to a system that can monitor,
analyze and control remotely and in real time by linking
sensors, measurement equipment, and analysis S/W. An
EMS like this has four main functions: energy monitoring,
energy management, analysis and statistics, and energy
control. Energy monitoring 1s to monitor energy usage and
real-time loads, and energy management does various man-
agement function including such as energy operation policy,
energy operation efliciency targeting, overload reserve, and
operation improvement. In the analysis and statistics func-
tion, reports submitted by the government and management
of reduction projects are analyzed, and finally, 1n energy
control, peak management (load remote control) and EMS
operation data are controlled. In other words, EMS collects
and analyzes energy-related data (data provided by a
demand manager or public information/utility). Then, based
on the analyzed data, an energy operation schedule in
consideration of a saving method, etc. 1s derived and trans-
mitted to the control side, and control management 1s
performed based on the derived schedule.

[0022] The present invention achieves utilizes these func-
tions and achieves objectives such as maximizing the eco-
nomic efliciency of the microgrnid power transaction by
mimmizing the amount paid to the power system as a result
of optimal operation as to the energy supply and demand 1n
the process of transacting power surplus/shortage with the
power system, improving the responsiveness to passive
resource energy lforecasting of supply and demand by
resolving the uncertainty of solar power generation forecast-
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ing and load forecasting, minimizing the deterioration of the
available storage capacity of ESS 410, and contribution to
solving the nation’s power supply shortage by the operation
based on the detailed i1dentification of energy storage status
of ESS, thereby providing improved EMS 100 of ESS-
connected photovoltaic power system. To this end, the
present mvention provides an energy management system
equipped with an algorithm capable of optimizing the micro-
orid energy demand and supply, and also with visualization
thereof.

[0023] The EMS 100 according to the present invention
comprises: a first module which forecasts power supply and
demand, does operation scheduling, and controls ESS that
stores photovoltaic (PV) electricity; a second module for
checking and managing state of charge of the ESS; a third
module for calculating and managing the discharge rate of
the ESS; a fourth module for system power leveling control
to reduce a diflerence between maximum value and mini-
mum value of system power by checking a load, photovol-
taic power generation amount, charge/discharge rate of ESS,
and system power usage by the microgrid; a fifth module for
system power smoothing control reducing a variation 1n the
usage ol system power by time slots; a sixth module for
controlling power smoothing of the ESS; a seventh module
for controlling the peak of power usage; an eighth module
for controlling net zero energy operation so that power
demand and supply are balanced; a ninth module for con-
trolling a power demand response based on the amount of
ESS discharge; and a control unit for controlling each
module. Here, each module 1s an element having an opera-
tion processing function, and can be calculated and pro-
cessed 1n the following manner.

[First Module]

[0024] 1) The following equation was used to express the
maximum value of p“(i) which varies according to the
situation. p®(i) is the discharge rate of ESS in the i-th time
period, which can offset the amount purchased from the grid.
Pt mirn(1)=P(1)—-Ap (1) 1s the minimum (expected) value of
total demand, Ap (i) is the expected error of the total
demand, p.."**(i) is the maximum discharge rate of the

ESS 1n the i1-th time period.

Py (1= min(max (0,0 g i) PEss™ " (1)

[0025] 2) The following equation was used to express the
maximum value of p®(1) which varies according to the
situation. p=(1) 1s the charging rate of ESS in the 1-th time
pertod, which can offset the amount sold to the grid.
P imax(1)7P(1)+Ap ,(1) 1s the maximum (expected) value of
total demand, p,...~%"*(i) is the maximum charging rate of
the ESS 1n the 1-th time period.

P () =min(max (0,-p g a0 L 55”57 (D))

[0026] 3) The following equation was used to express the

maximum value of p“(i) which varies according to the
situation. p“«(1) is the discharge rate of ESS in the i-th time

period, which 1s the amount to cope with uncertainty.

Pmﬂd“(i)zmin(ma}{(ﬂ,ﬁd max(i))_max(oru;—)d min (I)):
o dis naxy | ?
PESss (1))



US 2022/0060018 Al

[0027] 4) The following equation was used to express the
maximum value of p“(1) which varies according to the
situation. p“(1) 1s the charging rate of ESS in the 1-th time
period, which 1s the amount to cope with uncertainty.

Py )=min(min(0,p g ,,, (1)) -min 0,

Pamin (f)):ﬁESSChg"mﬂ(f))

[0028] 35) The following expression 1s used to express the
range of p(i) that varies according to the situation.

P ™1 (1=03 (D)) Sp ™ (1) 5P ™ ()

[0029] 1) O=p“(1)=<P, “(i) if §, ,(1)=1
[0030] ii) p™(i)=P,,,. () if 8,.,(1)~0
[0031] O=9, ,(1)=1, 0=9, ,(1)=1

This condition 1s that o, (1), 0,.,(1) each has a value
between 0 and 1, and 1t 1s a condition that each has a value
of 0 or 1 because each of the vanable 1s mteger. o, (1) 1s a
binary variable indicating whether there 1s purchase of
power form the grid, and 0, (1) a binary vanable indicating,
whether there 1s a sales of power to the grid. (1: yes, 0: no).
[0032] 6) The following expression 1s used to express the
range of p™(i) that varies according to the situation. p“(i) is
the discharge rate of ESS 1n the 1-th time period, which 1s the
amount sold to the grid.

PSP gss™ (1) (1-0,05 (D))

[0033] 1) p*“(i)=0 if §,_,(1)=1
[0034] i) p“()=pgss™" (1) if 35,5(1)=0
[0035] 7) The following expression 1s used to express the

range of p~(1) which varies according to the situation.

Pmaxcs(f)absl(Il)ﬂpcs(f)ﬂpmaxcs(i)

[0036] 1) p™(1)=P,,,,"(1) 1t O, (1)1
[0037] 11) O=p“—(1)=P__ (1) 11 9, ,(1)=0
[0038] 8) The following expression 1s used to express the

range of p“*(1) that varies according to the situation. p“(1) 1s
the charging rate of ESS 1n the 1-th time period, which 1s the
amount purchased from the gnd.

pe(i) EPESSChg’mm(f)abs 1)

[0039] 1) p™()sprss™ ™ (1) if Op5,(1)=1
[0040] 11) p“*(1)<0 1f o, ,(1)=0
[0041] 9) The following expression 1s used to express the

range of p“(i) that varies according to the situation.

pmaxdb(i)( 1 _63?5 1 (I))Epdb(z)

[0042] 1) O<p™(i) if (8ps1(1):052(1)=(1,1), (351(1): 02
(1))=(1,0)
[0043] i) P,,, ., *(D)=p™ (D) if (8,51(1):0552(1))=(0,1). (3,

(1),05,52(1))~(0,0)
[0044] 10) The following expression 1s used to express the
range of p“(i) that varies according to the situation.

Pmﬂxdﬁ(i)(l_6&'52(f))ﬂpdﬁ(f)ﬂpmaxdﬁ(i)(1_6551(1))

[0045] i) p™()=0 if (8,5,(1),0552(1))

[0046] i) P, “()=p™(D)=0 if (35, (1),052(1))=(1,0)

[0047] i) O=p®(i)<P, . (i) if (8,,,(1).05,0(1)=(0.1)

[0048]  iv) p™(i)=P,,,. (1) if (3,51 (1):0552(1))=(0,0)
[0049] 11) The following expression 1s used to express the

range of p“*(1) that varies according to the situation.

P oo ()05 () =p™ (i)

[0050] 1) P, (1)=p™(1) 1t (0,4,(1),055-(1))=(1,1)
[0031] 1) O=p™(1) 1T (0,,,(1),0,,,(1))=(1,0)

[0052] 111) P, .. “(1)=p™(1) 1T (04 (1),0552(1))=(0,1)
[0053]  1v) O=p™(1) 1t (04,1(1),05,,(1))=(0,0)
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[0054] 12) The following expression 1s used to express the
range of p““(1) that varies according to the situation.

P o 4(0)0, (D)=p()=P,, . ()0, (1)

[0055] 1) p™(1)=P,,0 (1) 1T (045,(1),0555(1))=(1,1)
[0056] 1) P, (1)=p™(1)=0 1t (O,,,(1),0,4,(1))=(1,0)
[0057]  111) O=p™(1)=P,, ., (1) 1 (0441 (1),0,552(1))=(0,1)
[0058]  1v) p™(1)=0 1f (05, (1),0,4,(1))=(0,0)

[0059] 13) The following expression 1s used to retlect the

range of p“«(i) in the objective function. w (i) is a variable
introduced to cope with the uncertainty in the 1-th time
period, and z, 1s a variable introduced to cope with to the
uncertainty bearing no physical meaning. c,,, (1) 1s the price
of purchasing a unit amount of electricity from the grid 1n
the 1-th time period, c_ (1) 1s the price at which the umt
amount ol electricity 1s sold to the grid in the 1-th time
period, and dt 1s the unit time.

0.5]Chuy (D) = Coe (D PP (Dt < 24 + wy(i)

1) 0= Zag +wyli) it |Cbﬂy(‘f) — Cse!.!(f)l =0

Zd + wg (i)
G-Slcbﬂy(‘f) - Cseﬂ(ﬂldr

i) p% (i) < if |Cpuy (i) = Coer(D)] £ O

[0060] 14) The following expression 1s used to retlect the
range of p““(1) 1 the objective function. w_(1) 1s a variable
introduced to cope with the uncertainty in the 1-th time
period, and z_ 1s a variable introduced to cope with to the
uncertainty bearing no physical meaning.

O-Slcbuy(f) - Cse!!(fjlpﬂﬂ (I)df < Zc + well)
) 0 < 20 + weld) if lepuy (D) — Coeu(D)] = 0

Ze + we(i)
0-5|Cbuy(f) - Cse!!(i)ldr

11) pﬂﬂ(f) = 1f |Cbﬂy(f) - Cse!!(f)l F 0

[0061] 15) Set the objective function as J, and set 1t so that
] tends to decrease according as the situation fits the pur-
pose.

J=t

It 1s a condition that J has a value oft or less. Under this
condition, The objective 1s to find a controlling status which
minimizes J. J 1s minimized by minimizing t, where t 1s a
variable needed to derive an operation schedule to cope with
uncertainty.

+

. Z [ [Couy (N P (i) = p% (i)} = Coe(iM P () — ps (D) +
0.54Csett (i) + Couy (DU P (i) = P2 (DY)t + W) + wa (i)

[z.+ 1z,

When the customer charges the storage device, the value of
] increases, and when the storage device 1s discharged, the
value of J decreases. The underlined part 1s to cope with the
uncertainty, and the rest that 1s not underlined 1s: (electricity
cost)—(saving/additional gain).

0=0, ,()=1, 0=0, ()=l
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This condition 1s that o, (1), 0,.,(1) each has a value
between 0 and 1, and it 1s a condition that each has a value
of 0 or 1 because each of the vanable 1s mteger. o, (1) 1s a
binary variable indicating whether there 1s purchase of
power form the grid, and 0, ,(1) a binary variable indicating,
whether there 1s a sales of power to the grid. (1: yes, 0: no).

z =20, z.=0, wy(i)=0, w_(i)=0

This condition means that each of the variables z ,, z_, w (1),
w (1) has a value greater than or equal to zero.

[Second Module]}

[0062] 1) When o,,,(1) and o_, (1) are added, the condition
that 1t has a value of 0 or more 1s expressed by the following,
expression. 0, (1) 1s a binary variable indicating whether the
energy storage device 1s discharged 1n the 1-th time period,
and 0_;,.(1) 1s a binary variable indicating whether the energy
storage device 1s charged 1n the 1-th time period.

o 6di5(i)_6ckg(f) <0 (6-::3'1'5 (I )+6chg(i)2 0)

[0063] 2) When 0,4,(1) and 0_,, (1) are added, the condition

that 1t has a value of 1 or less 1s expressed by the following,
CXPression.

6di5(f)+6

[0064] 3) The minimum value of the ESS discharge rate 1s
expressed using the following expression. (p“(1)+p“(i)+p™
(1)) 1s the discharge rate of the ESS.

Prss™ ()8 435(1)sp™ () +p™(1)4p™ (i)

[0065] 4) The maximum value of the ESS discharge rate

is expressed using the following expression. P,...*"*(i) is
the maximum value of the ESS discharge rate 1n the 1-th time
period.

PP ()+pTH(1) s Prgs™® ™ (1) 8 43(0)

[0066] 5) The minimum value of the Ess charge rate 1s
expressed using the following expression. (p=(1)+p~(1)+p“*
(1)) 1s the charging rate of the ESS.

(i)=1

chig

PEss” "™ (1) Bong(D)sp () +p (i) +p (i)

[0067] 6) The maximum value of the Ess charge rate 1s
expressed using the following expression. p«.”#"*(1) is
the maximum value of the Ess charge rate in the 1-th time
period.

pDHp P p(i)=p pss™ e (1) ygd)

[0068]  7) 0<d ,,.()=<1, 0=d_,(1)=<1

[0069] Itis the condition that each of 0 4,(1) and 0_,,(1) has

values between 0 and 1. Since each of the variables 1s integer
variables, as a result, each will have a value of O or 1.

[0070] 8) p™({)=0, p“()=0, p™(i)=0, p*(1)=0, p(i)=0,
p~(1)=0
[0071] It is a condition that each of the variables p“(i),

p%(1), p“(1), p°(1), (1), p=(i) has a value greater than or
equal to zero.

| Third Module]

[0072] 1) The sum of the SOC increased by charging from
the first time period to the 1-th time period can be expressed
by the following expression. M, 1s the charging efficiency
of the ESS, and E_,, 1s the capacity of the ESS.
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E nchgdr
Ec:ap

(poS (k) + pb (k) + peu(k))
k=1

The sum of SOC reduced by discharge from the first time
period to the 1-th time period can be expressed by the
following expression. m . 1s the discharge efliciency of the

ESS.

f di
=) —— P+ pB k) + pHk)
=1 HdisLcap

The sum of the SOC reduced by natural discharge from the
first time period to the 1-th time period can be expressed by
the following equation. P,...*°Y(i) is the natural discharge
rate of the ESS.

i

di sel
—Z A piss k)
k=1 TP

Using these, the condition that the state of charge deter-
mined by charging and discharging up to the 1-th time period
1s greater than or equal to the minmimum value of the state of
charge in the 1+1 th time period can be expressed by the
following expression. SOC(1) 1s the state of charge in the 1-th
time period, and SOC . (1) 1s the minimum value of the state
of charge 1n the 1-th time period.

nchgdr

7 (psth) + p b (k) + p™ (k) —
cap

SOCpin(i+1) < SOC(1) + )
k=1

~ di Ly dr
> (p% (k) + p (k) + pe(k)) = ) —PEss (k)
k=1 %

=1 Nedis £ cap

[0073] 2) The sum of the SOC increased by charging from
the first time period to the 1-th time period can be expressed
by the following expression.

L Nengd1
Ec:ap

(ps(k) + pb (k) + pu(k))
k=1

[0074] The sum of SOC reduced by discharge from the
first time period to the 1-th time period can be expressed by
the following expression.

(p% (k) + p% (k) + p% (k)

! dr
_Z =

=1 HdisLcap

[0075] The sum of SOC reduced by natural discharge from
the first time period to the 1-th time period can be expressed
by the following expression.
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Pess (k)

[0076] Therefore, the condition that the state of charge
determined by charging and discharging up to the i1-th time
period 1s less than or equal to the maximum value of the state
of charge 1n the 1+l-th time period can be expressed by the
tollowing expression. SOC_ (1) 1s the maximum value of
the state of charge in the 1-th time period.

L Nl di
SOC(1) + Z T?;g (PP (k) + pbk) + pH(k)) —
k=1 TP

]

d
D = (P + () + p (b)) -
=1 istecap

E dt self .
D = PEssk) = SOCq (i +1)
k=1 Ecap

|[Fourth Module]

[0077] 1) The condition that the power demand and power
supply are balanced can be expressed by the following
equation:

Load-PV-ESS-Grid=NetDemand-ESS-Grid=0

[0078] where Load=load
[0079] PV=electricity generated by the photovoltaic
system
[0080] ESS=ESS charge/discharge rate
[0081] Grnid=consumption of grid power
[0082] NetDemand=Total Demand

Theretore, NetDemand-ESS=Grid. Here, for NetDemand-
Min which 1s the minimum value of the total demand, the

Il

following expression 1s used which 1s equivalent to p ™
<NetDemandMin-ESS.

PSP g min D)+ () +p ()40 (1) —p™(i)-p™(i)—p™(i)
[0083] 2) The condition that the power demand and power

supply are balanced can be expressed by the following
equation:

Load-PV-ESS-Grid=NetDemand-ESS-Grid=0

[0084] where Load=load
[0085] PV=electricity generated by the photovoltaic
system
[0086] ESS=ESS charge/discharge rate
[0087] Grnid=consumption of grid power
[0088] NetDemand=Total Demand

Theretore, NetDemand-ESS=Grid. Here, for NetDemand-

Max which 1s the maximum value of the total demand, the
following expression 1s used which 1s equivalent to NetDe-
mandMax-ESS=p .

P g e (OADP 4D (@)% () =p™ (@) -p™()-p ()=p "™
[0089] 3) ¢/ (p,"“*~p,”")T
By adding this equation to I, the difference between the
maximum grid power value and the mimmimum grid power
value (pgmx—pgm) is reflected 1n the objective function. 'To
reduce the value of ], the value of 1s (p," " —p ") reduced,

so the use of system power 1s flattened. I1 the value of the
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penalty constant cgﬁ“f for flatteming of grid power 1s larger,
the eflect of flattening is reflected more. T 1s the control
period.

[F1fth Module]
[0090] 1)

pg-:fev(—f)ﬂ[
P min D=0 (@)= p () —p“ (D p P () +p 4 J4p (D) |- [
D macli=1)=p(i=1)=p?“(i=1)-p2(i-1)+p°t(i-1)+p“ (i-1)+
pfs(l'_ 1 )] "

(0091] Ifi=1,

—p 2 (i)s]
PapuinD)=p ™D =p (D) =p ™ (p P (p ™ (Dp (D)=
pg UV PreV_ pgseff ;?rev]

The condition that the power demand and power supply are
balanced can be expressed by the following equation:

Load-PV-ESS-Grid=NetDemand-ESS-Grid=0

[0092] where Load=load

[0093] PV=electricity generated by the photovoltaic

system

[0094] ESS=ESS charge/discharge rate

[0095] Grid=consumption of grid power

[0096] NetDemand=Total Demand
[0097] Therefore, NetDemand-ESS=Grid.
[0098] Utilizing this, |
Petrin =D -p™()-p“()+p™()+p™(1)+p=(i)] is the mini-
mum value of the grid power consumption in the 1-th time
period. Also, |
Pt max(i=1)=p™(=1)-p“(i=)=p™(i-D+p“(i-D+p“(i-1)+
p~(1—-1)] 1s the maximum value of the grnd power usage in
the 1—1th time period. Therefore, the given expression 1s a
condition that (minimum value of grid power consumption
in the 1-th time period)-(maximum value of grid power
consumption in the 1-1 th time period) has a value greater
than or equal to —pgde”(i). When 1=1, use [p;'”y WE"’—p;E”’
prev] 1nstead of (maximum value of grid power consumption
in the 1-1 th time period).
[0099] 2)

[P mas§)-D ™ @) =p ) -p " +pP @40 () +p ()]~
P amini=1)=p®(i=1)=p“(i=1)=p™(i~1)4p (i~ 1 hp“(i-1)+
pe(i=1)]sp, (),

it 1=1,

10100]

[
Eimﬂ(f)_pffb(j)—pffﬂ(f)—pds(I')_l_pcb(z')_l_pcu(I')_l_pcs(z')]_[pgbuygprev_
pgseffgﬁrev] EPEJEV(I-)

The condition that the power demand and power supply are
balanced can be expressed by the following equation:

Load-PV-ESS-Grid=NetDemand-ESS-Grid=0

[0101] where Load=load
[0102] PV=electricity generated by the photovoltaic
system
[0103] ESS=ESS charge/discharge rate
[0104] Grid=consumption of grid power
[0105] NetDemand=Total Demand
[0106] Therefore, NetDemand-ESS=Grid.

Utilizing this, [
PtmaxD)=pP(D)-p™()-p“(D)+p(D+p™(@)+p=()] is  the
maximum value of the grid power consumption in the 1-th
time period. Also, |

P min(i=1)=p®([i=1)-p™(i~1)-p“(i-1+p~(i-1)+p“(i-1)+
p~(1-1)] 1s the minimum value of the grid power usage 1n the
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1—-1th time period. Therefore, the given expression 1s a
condition that (maximum value of grid power consumption
in the 1-th time period)-(minimum value of grid power
consumption 1n the 1-1 th time period) has a value less than

or equal to pgde”(i). When 1=1, use [p;”y ’pr‘?"’—p;ezw‘?"’]
instead of (mimumum value of grid power consumption in the
1—1 th time period).

[0107] 3) O=<p, (i)

[0108] It 1s acondition thatp,

{0 Zero.

4v(1) is greater than or equal

N
4) ) Camg -di- pEV(D
=1

If this expression 1s added to I, p;‘?"’(i) which 1s a variable
for smoothing the power consumption 1s reflected in the
objective function. To reduce the value of I, the value of
pgde"’(i) 1s reduced, so that the difference of power consump-
tion from the previous time period 1s reduced for each time
period, thereby grid power smoothing 1s performed. If the
value of c¢__ _ 1s larger, the smoothing eflfect 1s reflected
more.

524

[Sixth Module}
[0109] 1)
~P ™ (O)s[p () +p () +p (i) -p (i) -pP(i)-p(i)]-
[ 1) +p (= 1)+p™(i-1)-p(i-1)-p“(i-1)-
pA(i-1)]
[0110] 1f 1=1,

—pgsf“”‘”(if [pd‘f’(i)wd“g () —pe(i)-p(i)-p(i)]-
[pESS 15 J??’E‘?_pESSE g.0re 1,’]

Here, [p“(i+p™ “()+p™ “O)-p”{)-p™(i)-p=({)] is ESS
charge/discharge rate in the i-th time period. Also, [p?(i-
D+p(i- D4p™(i-1)-p?(i-1)-p“«(i-1)-p=(i-1)] is the ESS
charge/discharge rate in the 1—1th time period. Therefore, the
given expression 1s a condition that (ESS charge/discharge
rate 1n the 1-th time period)-(ESS charge/discharge rate in
the 1—1th time period) has a value greater than or equal to

dev diszprev_pESSchgzprev] instead

—Prss (). When 1=1, use [pzgs

of (ESS charge/discharge rate in the 1—1 time period).
[0111] 2)
() +p? (@) +ps(1)-p 2 (@) -p () -p™ *(i)]-[p?2(i-1)+
Pi=D)+p?s(i-1)-p(i-1)-p“4(i-1)-p“(i-1)]
EPESSJW(I.)

[0112] Ifi=1,

[ +p (D) +p™(D)=p (D) —p*“()-p ()]~ [Ppss™ "~
Prss” 87 8P ges (1)
Here [p™(i)+p™()+p“()-p”({)-p™{)-p=()] is the ESS
charge/discharge rate in the i-th time period. Also, [p%(i-
D+p“(i- D4p®(i-1)-p(i-1)-p““(i-1)-p“(i-1)] is the ESS
charge/discharge rate 1n the 1—1th time period. Therefore the
grven expression 1s a condition that (ESS charge/discharge
rate 1n the 1-th time period)-(ESS charge/discharge rate in

the 1—1th time period) has a value less than or equal to
dis,prev c?hg,prev] is used

Pess (1), When =1, [Pgss —Pess
instead of (ESS charge/discharge rate in the 1-1th time

period).

[0113]  3) O=p,™"(i)

It is a condition that p,...“**(i) has a value greater than or
equal to zero.
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N
4) Z ComESs - AT - pac (i)
i—1

If this term is added to J, p,...“*(i) which is a variable for

smoothing the ESS charge/discharge rate 1s reflected 1n the
objective function. To reduce the value of I, the value of
Prec¥(1) is reduced, so that the difference of ESS charge/
discharge rate from the previous time period 1s reduced for
cach time period, thereby ESS charge/discharge rate
smoothing 1s performed. If the value ot C_,, .. 1s larger, the
smoothing effect 1s reflected more.

[Seventh Module]

[0114] 1)) p~®(1)+p~“(1)+p~=(1) 1s the ESS charge rate, and
p“()+p“(1)+p“(@i) is the ESS discharge rate, therefore p<
D)+p“(D+p=(1)-p“(1)-p“(1)-p“(i) is the ESS charge/dis-
charge rate. The condition that the power demand and power
supply are balanced can be expressed by the following
equation:

Load-PV-ESS-Grid=NetDemand-ESS-Grid=0

[0115] where Load=load

[0116] PV=electricity generated by the photovoltaic
system

[0117] ESS=ESS charge/discharge rate

[0118] Grid=consumption of grid power

[0119] NetDemand=Total Demand
[0120] Therefore, NetDemand-ESS=Grid.

And the equation NetDemandMax-ESS=GridMax may be
formulated when NetDemandMax 1s the maximum value of
total demand, and GridMax 1s the maximum value of the
orid power consumption, the following inequality can be
formulated to express a condition that the maximum value of
grid power consumption 1s less than the peak size.

—p (i) = pY (D) — P (D) + p (D) + PU(D) + PO (D) + Py e () =

eak
Ehu p

N 7
ppe’ O+ ppe (D)

If the maximum value of the grid power consumption 1is
large and the inequality does not hold with the set peak size,
the condition 1s relaxed by increasing the relaxation variable

Pp(1).

peak
Ebuy , . Ebuy , . chg,max , -  — : Ehu :
2) i (i) < (1 - 652 D) L& (1) + By ()~ i (D)

peak
: Ebuy ,. chg.max , . __ . Ebhy .
i) PP?’:y () = (1 - 1)(;’?5% (D) + Pt i (E) — PPEE:‘F (5))

if 62 (j) = 1
(1f the peak control 1s successtul), therefore p,57(1)<0

peak

Ebuy & buy chg,max

1) ppe (D + ppe” (D) < pgss (D) + Dy pax (D)
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if 6,.5(1)=0 (if the peak control fails), therefore

peak
Ehuy , . chg .max , . = _ : Ehuy .
Prc () < Ppss (D) + Pyma) — Ppc” (1),

which 1s equivalent to

peak

Ebuy chg.max

. 8 bu . . _ .
ppe. D+ ppe” (D < pgss (D + Pt max (L)

It 1s a condition that even 11 the peak size, which 1s the upper
limit of the grid power consumption, and the value of the
relaxation variable are added, it does not have to be greater
than the sum of the ESS maximum charging rate and total
demand.

[0121] 3) O=p,. =2*(i)<1

0--~>2%(1) has a value between zero and 1, therefore O or 1
because 1t 1s an integer variable.

[0122] 4) O=p,->(1)

Pr2(1) has a nonnegative value.

Ebuy Ehuy Ebuy , . Ebuy Ebuy , .
J) Z [—cpci {1+ (cpcz ) Jdi-Spc” (D) + cpcsdi- ppc” (D)
EEPCg,bHy

By adding this term to J, whether the peak control is
successtul will be retlected in the objective function. 1EP,
»uy means that the 1-th time period is icluded 1n the time
periods for performing peak control. If the peak control 1s
successiul, 0,-°"(1)=1, therefore the value of 1 1s decreased
by the term —cp. 5 {1+(cp %) }dt-1. If the value of
Cpe1 o 18 larger, the success of peak control 1s reflected
more. If the peak control fails, 0,.#(1)=0, therefore —C,.
180 1 +(Cpe ,5*) }dt-0=0, and the value of J will not
decrease. Since O=p, (1), the value of ] increases by
Cpes oAt pp(1). It Cpe 5% 15 larger, then whether the
peak control fails 1s retlected more.

| Eighth Module]

[0123] 1)
{

Eﬂvm(f)+pgg;hg””f(f)}%g(f)—p‘fb(f)—p‘f‘*(f)—pd*‘(f)+p"“£"(i)+
PP (D)=prss” =)

[0124] 1) The condition that the power demand and
power supply are balanced can be expressed by the
following equation:

Load-PV-ESS-Grid=NetDemand-ESS-Grid=0

[0125] where Load=load
[0126] PV=eclectricity generated by the photovoltaic
system
[0127] ESS=ESS charge/discharge rate
[0128] Grnid=consumption of grid power
[0129] NetDemand=Total Demand

[0130] Therefore, NetDemand-ESS=Grid.
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When net zero operation 1s conducted, Grid=0. Therefore
NetDemand-ESS=0. For NetDemand, NetDemandMin-

<NetDemand holds, and applying NetDemand=ESS, the
condition 1s expressed by the following nequality.

P apinO)=p P Op™(@+p™ () -p () -p™()-p(0)

This 1s an inequality that can be obtained by applying
0,5°(1)=1 1n the following inequality and 1s a condition for
successiul net zero energy operation.

U
PapminD4DEss” S (1) 10,65 (O)-p™ (@) -p (1) -0 @O +p P(i)+
Py pe()spess” s (i)

[0131] 1) It 9,,%(1)=0 (when net zero energy operation

fails),

U
P apmin AP Ess” (1) }0-p™ (@) —p™(i)-p™(i)+p™ () +p i)+
Pe()=pEss” (i)

[0132] Therefore,

—pd‘f’(é'?)—pd‘*(f)—p*(f)w"*’f’(f)+p""”(f)+p"“5(f)ﬂpm“‘hg’m“

!

[0133] p2()+p°(1)+p=(i) is the Ess charge rate, and p“
(1)-p“* “(1)-p*(i) the ESS discharge rate, therefore p<(i)+
p(1)+p=(1)-p“(1)-p““(i1)-p™(i) is the ESS charge/discharge
rate, and the above inequality 1s a condition for the maxi-
mum Ess charge rate.

[0134] 2)
-1

Pamax®)=Prss” " (@) 10,55 +p? () +p? @) +p™ (i) -p(i)-
P -p(D)=p gss™ (i)

[0135] 1) The condition that the power demand and
power supply are balanced can be expressed by the
following equation:

Load-PV-ESS-Grid=NetDemand-ESS-Grid=0

[0136] where Load=load
[0137] PV=electricity generated by the photovoltaic
system
[0138] ESS=ESS charge/discharge rate
[0139] Grid=consumption of grid power
[0140] NetDemand=Total Demand
[0141] Therefore, NetDemand-ESS=Grid.

When net zero operation 1s conducted, Grid=0. Therefore

NetDemand-ESS=0. For NetDemand, NetDemand=NetDe-
mandMax holds, and applying NetDemand=ESS, the con-
dition 1s expressed by the following nequality.

(@) +p? (D) +p (D) —p (D) -p (i)~ ()=D g e (F)

This 1s an inequality that can be obtained by applying 1n the
following mnequality and 1s a condition for successiul net
Zero energy operation.
I |
Pamax)=PEss™ ") 10;55(0)—p® (4™ (§)+p*(1)-p (i)~

pH(i)-p(D)=ppss™ (i)

[0142]
fails),

-1

1) 0,5,°(1)=0 (when net zero energy operation

E_f’dﬁm.ax(f)-ﬁ’gfsffm.ﬂ(f)}'0+de(1')+Pd“(f)+f9ds(f)-Pcb(f)-Pc“(f)-
PE()=pgss” (i)

[0143]

p @ +p () +p™(D)-pP @) () -p (D) spEss” (i)

Theretore,
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[0144] p(1)+p°(i)+p=(i) is the Ess charge rate, and p™
(D)+p“(1)+p“(i) the ESS discharge rate, therefore p“(i)+p“
(D)+p?(1)-p°(1)-p°“(1)-p=(i) is the ESS charge/discharge
rate, and the above inequality 1s a condition for the maxi-
mum ESS discharge rate.

[0145] 3) The condition that the ESS charge/discharge rate
1s less than or equal to the sum of the “minimum value of
total demand” and the “relaxation variable when condition 1s
not satisfied” 1s expressed by the following inequality.

P yp (D) +p (i) -p(i)-pu(i)-p(i)=
Paminli)+D0°(1)

[0146] 4) The condition that the ESS charge/discharge rate
1s greater than or equal to the sum of the “maximum value
of total demand™ and the “relaxation variable when condi-
tion 1s not satisfied” 1s expressed by the following inequality.

D) =0165 O)=-pP @) +pT(i)+p® (@) —p o ({)-p°()-p*(i)
[0147] 5) 0=0,,°(1)=1
0,5°(1) has a value between zero and 1, and therefore O or 1
because 1t 1s an integer variable.
[0148]  6) O=p,,%(i)
P;o°(1) has a nonnegative value.

7) Z [—clo {1 + (¢l 2) Y- S5 (0) + ¢ 5t plo ()]

ielﬂg

By adding this formula to J, whether the net zero energy
operation 1s successiul will be reflected 1n the objective
tunction. 1€10, means that the i-th time period 1s included
in the time periods for performing net zero energy operation.
If the net zero energy operation 1s successiul, 6,,5(1)=1,
therefore the value of I is decreased by the term —c,, ${1+
(c;0.%) Hdt-1. If the value of ¢, ¥ is larger, whether the
operation 1s successiul 1s reflected more. If the net zero
energy operation fails, §,,%(1)=0, therefore —c,, %{1+(c;o
>%)'1dt-0=0, and the value of J will not decrease. Since
O<p,,°(1), the value of I increases by c,, *dtp,;5(1). If
C;o0.3° 18 larger, then whether the peak control fails 1s
reflected more.

|[Ninth Module]

[0149] 1) The condition that the ESS discharge amount
must have a value greater than or equal to the set amount of
demand response power 1s expressed by the following
inequality.

Py o= PppsZ{(p™ “)+p™ “()+p™ ()-p(H)-p™()-
pe(i)dr}
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[0150] If 1t 1s not saftisfied, the condition 1s relaxed by
increasing the value of the supplementary variable sub-
tracted from the demand response power quantity.

[0151] * 2) Ppps(1=-0pp)[P, 0y +2{pss™ " (1)t} ]
[0152] 1) If 0,,—1 (when demand response 1s success-
tul)

Pﬂﬁﬂ(l — 1) [Psave_l_z {E?ESSCthﬂH(f)dI}]

[0153]
[0154]

Ppgs(1-0)[PqyetZ{pEss™ 7" (1)) d1}]
Therefore, Z{-p ... & (1)dt}<P___-P,,.
Utilizing the mequality above,

2{-prssTE ()t <P, 4o~ P pr=Z{ (0 () +p? (i) +p*s
()-pP(i)-p(i)-p(i))dt}

Theretore, P,,,=0
1) If 0,,=0 (when demand response fails)

Therefore,

[0155]

2{-prss” e () dtysE{ (P (i p ™ ([ p™(H)-p (i)
pi)-p=(i)di}
Exchanging the terms, the condition for the ESS maximum
charging rate 1s obtained as the following inequality.
{(=p™(D)=-p™(i)—p™({ Jrp () +p (i )+p (i)
At} 2{p g™ (i) dt )
[0156] 3) 0<0,,=1

0, has a value between zero and 1, and therefore O or 1
because 1t 1s an integer variable.

[0157] 4) 0=P,,
P, has a nonnegative value.
[0158] 35) For each DR,

—CpR.1 { 1+(CDR?2)I } 'E’DR"‘CI:RJ P

By adding this formula to J, whether the demand response
1s successiul will be reflected in the objective function. If the
demand response 1s successiul, 0 ,,,=1, therefore the value of
J is decreased by the term —cpp {1+(cpg,) tdt-1. If the
value of ¢, 1s larger, whether 1t 1s successtul 1s retlected
more. It the demand response fails, 0,,=0, therefore —¢,5
111+(cpg ») }dt-0=0, and the value of J will not decrease.
Since 0=Pjz, the value of J increases by ¢z 3 Ppg. It ¢z 5
1s larger, then whether it fails 1s reflected more.

Example

[0159] Using the modules described above, tests were
conducted as shown 1n tables 2-4.

TABLE 2

Time Period

Demand 0.5 0.8 0.6 0.2

12~13  13~14  14~15

Demand 25.7 24 24.8 24.5

15~16

4> 3~6 O~7 7~8 8~9 9~10 10~11 11~12

4.6 5 0.9 8.9 12.4 17.8 26.5 27.7

Time Period

16~17 17~18  18~19 1920 20~21  21~22  22~23 23~0

24.6 26.6 23.7 17.6 14.3 12.9 9.8 9.5



US 2022/0060018 Al

TABLE 3

Time Period
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O~1 1~2 2~3 3~4 4~3 5~6 O~7 7~8 8~9 9~10 10~11 11~12
Supply 0 0 0 0 0 0 0 ¢ 9 15 15
Time Period
12~13 13~14 14~15 15~16 16~17 17~18 1819 19~20 20~21 21~22  22~23 23~0
Supply 15 18 12 12 6 3 0 0 0 0 0 0
TABLE 4
Time Period

O~1 1~2 2~3 3~4 4~3 5~6 O~7 7~8 8~9 9~10 10~11 11~12
Buying 606.1 06.1 66.1 66.1 66.1 66.1 66.1  66.1 66.1 96.5 111.3 111.3
Price Per
Unit
Selling 66.1 06.1 66.1 66.1 66.1 66.1 66.1 66.1 66.1 96.5 111.3 111.3
Price per
Unit

Time Period

12~13 13~14 14~15 15~16 16~17 17~18 1819 19~20 20~21 21~22  22~23 23~0
Buying 96.5 96.5 96.5 96.5 96.5 111.3 111.3 111.3 96.5 96.5 111.3  66.1
Price Per
Unit
Selling 96.5 96.5 96.5 96.5 96.5 111.3 111.3 111.3 96.5 96.5 111.3  66.1
Price per
Unit
[0160] The settlement cost with the grid of the case when supply capacity, current demand, supply reserve power,

the EMS/ESS 1s not operated and that when the EMS/ESS
1s operated with the optimal operation schedule 1s shown 1n
Table 5. Here no external conditions (peak control, net zero
energy operation, demand response) were imposed

TABLE 5

Total Power Cost Cost Saving by the

supply reserve ratio, etc., and the power transaction price
may include maximum, average, minimum, current price,
and the current weather may include lowest/highest and the
current temperature.

[0162] While the embodiments of the present disclosure
and their advantages have been described 1n detail, 1t should
be understood that various changes, substitutions and altera-
tions may be made herein without departing from the scope
of the present disclosure.

What 1s claimed 1s:

1. A microgrid system comprising
an energy generation (EG) system;

one or more electrical load coupled to the .

H (7 system;

dIl

ESS (energy storage system) coupled to the |

H(r system

ESS With the Operation Operation of
Capacity of EMS/ESS EMS/ESS

40 24370.8 215.5

50 24341.6 2447

60 24313.0 273.3

70 24283.8 302.5

80 24255.3 331.0

90 24226.1 360.2
100 24197.6 38K.7
110 24168.4 417.9
120 24139.8 446.5

[0161] Table 3 shows forecasted values (kW) of the power

demand schedule, Table 4 shows forecasted values (kW) of
the power supply schedule, and Table 4 shows the forecasted
value (won/kWh) of the power unit price schedule. These
forecasts may be monitored or displayed (visualized) exter-
nally as shown i FIGS. 3 to 5. Here, the power forecast,
power supply and demand status, power transaction price,
current weather, etc. can be displayed, and the power fore-
cast can include peak time forecast, maximum demand
forecast, operational reserve, and operational reserve ratio.
And the power supply and demand status may include

and the electrical load:;

an EMS (energy management system) for managing
energy of the microgrid including the EG, the one or
more electrical load, the ESS, and power transaction
between the microgrid and a system power (grid);

wherein the EMS comprises:

a first module which forecasts power supply and demand,
does operation scheduling, and controls ESS that stores

EG electricity;

a second module for checking and managing state of
charge of the ESS;

a third module for calculating and managing the discharge
rate of the ESS;

a fourth module for system power flatteming control to
reduce a difference between maximum value and mini-
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mum value of system power by checking the load, the
EG system generation amount, charge/discharge rate of
the ESS, and the system power (grid) power usage by
the mlcrogrld

a fifth module for system power smoothing control reduc-
ing a variation in the usage of system power by time
periods;

a sixth module for controlling power smoothing of the

ESS;

a seventh module for controlling the peak of power usage;

an eighth module for controlling net zero energy opera-
tion so that power demand and supply are balanced;

a ninth module for controlling a power demand response
based on the amount of ESS discharge; and

a control unit for controlling each module,

wherein controlling operations of the modules are con-
ducted so as to minimize the amount paid to the grid.
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2. The microgrid system of claim 1 wherein the control-
ling operations of the modules are further conducted to

reflect a diflerence between a maximum system power (grid)
usage and a minimum system power (grid).

3. The microgrid system of claim 1 wherein the control-
ling operations of the modules are further conducted to
reflect the peak power usage.

4. The microgrid system of claim 1 wherein the control-
ling operation of the modules are further conducted to reflect
power smoothing of the ESS.

5. The microgrid system of claim 1 wherein the control-
ling operation of the modules are further conducted to reflect
the net zero energy operation.

6. The microgrid system of claim 1 wherein the control-
ling operation of the modules are further conducted to reflect
the power demand response based on the amount of ESS
discharge.
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