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The Application and Verification of the 2MVA Battery Energy Storage
System(BESS) with Wind-turbine in Micro-grid of Gapado, Jeju

Seung-Mo KimT, Seung-Jin Oh', Jong-Hak Lee', Tae-Hyeong Kim', Byung-Ki Kwon',
Jae—-Min Ahnz, Kyung-Min Jinz, and Chang-Ho Choi®

Abstract - This paper shows the test result of 2MVA BESS(Battery Energy Storage System) with
wind-turbine in micro—grid of the Gapado. To implement of micro—grid with BESS, characteristics of generator
and customer load in grid are considered. Also, to operate of 2-parallel PCU(Power Conversion Unit) in BESS,
the droop control is adopted with operating mode of grid independent. Performances of BESS with wind-turbine
were verified by analysis of power quality such as voltage harmonics, ratio of voltage and frequency regulation,
and by measurement of waveform such as output voltage and current.

Keywords: BESS(Battery Energy Storage System), micro grid, droop control, wind turbine
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Fig. 1 Micro-grid with BESS in Gapado
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Table 1 Specification of Wind-turbine

Parameter Value
Rated Output 250kW
Rated Wind Speed 14m/sec
Rotor Diameter 30m
Tower Height 30m
Operating Range 4 ~ 25m/sec
Power Control Stall Control
Annual Production 657MWh

Rotor

' Gearbox

N

‘

Control Loop

Fig. 2 Wind-Turbine and Driving Circuit in Gapado
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Fig. 4 Configuration of the BESS in Gapado

Table 2 Specification of BESS in Gapado
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Classification Parameter Value
Capacity 2MVA
DC Voltage 650~800Vdc
AC Voltage 350Vac
PCU
Frequency 60Hz
Efficiency > 97%
PCS Cooling Water
Capacity 2.IMVA
TR1
Voltage 350/22,900Vac
TR2 Voltage 22,900/6,600Vac
Capacity 2MVA
SWGR
Voltage 22,900Vac
Voltage 650~800Vdc
Current 2,160A
Battery Capacity 4CP, 500kWh
BCS system
Type Li-ion
Structure 16 Rack Parallel
Cooling Air
PMS Comm Modbus/TCP
Controller Interface EMS, PCS, BCS
Round-Trip Efficiency >= 90%
Reactive Power Compensation IMVAR

glEol2uE s A
Fo 2 2MW/500kWh &
= 7 Al BCE _EE

BESS9] %, " (Round tn ) E&2
gg HOL;ﬂ X z}0

e F/]HO]QHHHT’/]"H A4

F& WEgd Fdska, sigg

BESSol A ¢] oA 4

Current) Aol 2 dA A
Astel 71EH7HA %—Xd

AR} 9F71F 5%0leE %

o),

Constant Voltage) | o1& Falsle] dUAE &

aklaL, wiE e Wi
[e)
=

% Olé}’OlE}.

o= _‘j_‘?ﬂj 50“

Constant

e el FHE =

Jere o A Ak

LA
— =
s

o



306 7=

L

CC(1CP) CV Charging | CC(3CP)
Charging | (Until Ide < 5%) Dtschargmg
’._ —

= __h“___m

== '_Li

==

12 [PU] : ' ;
Grid Volt
1210 ‘ | :I ’

' [1000sec/div]

Grid Curr

-12 [PU]

Fig. 5 The waveform of charging and discharging in
Li-ion Battery

[
| VI 5o I L, Bl

| Ada £l 2 = - . .
(T f P — &9 .1
=] hGT s L 2
| = ||l R GT . Lo T -
| | Mult-Winding @ Solu

sforiner. ¥,
[ ] I U A1 Transformer B
i i ! ’“—@ Diesel
|

| I
| | I &, L B2 h
i 7 4= [V T Dummy Load
| = || 1 e ‘“:;} ¥y Cr -
LT | ;
. 1 Pou A2 Customer Load
L5 1) RS ] BESS

w FAAIAE 500kWh e AA gl me
ICP2 QA7 FA& FPsdh F48E 9FL
A AU FAAGAAE WEY B4 AFE
Bl ool AFehe $E Agstel FRsan”

3. HiE{2]| olX| HEAA- Hogn2|E
2MVAHF BESS¢ PCUE A3 Hal9S ﬁ?}%
nlolAz P = AYS FEshy] flEl, 741
S Alojsta Faprds s ﬂvzﬂ 63
. 947]ellA 741%% Aol s 3
EH o] $-HEE 7H 8}%% AFA S
FYsh= PCUE Edlo|nz Faste], Aeddel 914
5713 2 PCU F o] S8AFZ 55 Aojdit)
2% 62 IMVA 2019 PCUR
BESS$} 7w mlola@ g =9 A
2R8I Fel=™

npo] AR TE| Eof A wjE]E] oA #GA] 2~ H(BESS)
& AAFTFRER 7% A, vlaEE A3 " PCU=
[EEE 1547 ##4¢l we} Ales 28949%4S 444049
REulg=o] +05Hz o)W, 1

N

ofr
—_—

I HN e e

H> ro

mlm

£395 o, FYFrE /)2

i 2EAg APEL 5% oluE FAstelol @,
w9, Zkzke] PCUCl e 7E st Alojstr] 9l
A= B dAdas dd] sdelue g

mlm L

oy
A PCUE AHFAo]

vlo]lAa g EoAe] T AAE A% 2MVAH

W) olUX) 4gAl~R(BESS) 48 2 A%

T e abe |Ig . a.p |fo g
to o
a.p d.g
&%
e Angle
Sync
l & £ o Reference
g i Q Current £
Vo b | Vo o 3 ; I
o_c 3 o | @p |Vog |Calulation Caleutation | %
. 5 —_—
q

Eg(D) £y @)

o}
) e
i ot

= a Angle
SYNC
Lon_one abe Po o | af [low
o o
. d.g

Fig. 7 Calculation process of output reference current
in the PCU(Power Conversion Unit) of 2MVA

BESS
dxE 7 PCU 28479 i) 2242004 <]
Z2 ALY Balo] BESSY frEdd Fady 52
o7 el faAgy FaAdd dike PCSolA 4
&) =) 1, 28} 2t} 94710lM, PoE FEAE, Q=

3
Py=" - Re( Vi ay * 1o a) 1)
. 3
Q=75+ ]m<V0,dq < I dq> @)
sdlo]lBR AAE PCUY =¥ A7 A" PCS
A AR FEAES FEAY gl 9% Fat lad
2o ofa] ArtEm Fapelud el BAA I SeolH
PCU 847 AR 4] 3, 49 2t
2 1 P,
=% P+
37V R, ( 0 Qo) 3)
1 4 5 Vou * 7! (4)

047101]*1, 3*& %i%‘ AFE AAXNHE o, 2 HSsl

gk AdHELS viaEH PCUNA
3 &do]l® PCUE
LLES o]&3F Akgkel 9PLL.O_ F
efalf‘dy 0PLL ) H/\],£7 X‘] 0101
9 .19 82 2MVAH BESS
o AAEHEE YERAT AlFe HdAolE a5t
= PCUE vwhrEHZ S 7™ PL AgAe 7],
Droop Alo17], AE|A7|2 A= o] k. Fahtw



The Transactions of the Korean Institute of Power Electronics, Vol. 19, No. 4, August 2014 307

Droop
Control

Voltage Control

v

I
+ @
+

4 Slave-PCU |-'

Fig. 8 Control Block of the two PCU(Power Conversion
Unit) in the BESS(Battery Energy Storage
System)

AFAE F8sl= PCUE LHlo]HEA P Ao
7] 2 wkxH PCU 9457|4017 2 :lwﬂq ot} A
FAle17] 2 AgAe 71 P-T o] 52 4 5 63 Zth
A71NA Kooz AFAC7] PAIO7] o5, Kooz A
FAlo17] A7) o5, (& 9¥ASF, L= LCL ZH
ol AEE Lo d49ds, o= AFAel7]e] Adsst
+ ot

[(pCC:2C * Ls ¢ Wee (5)
KCC:LS ° w(QL*

()

EH, Kot AgAlol7]e] PAe)7] o5, Kok A

A o] 719] [A0]7] 0%, w, = ALA o7 AekFmt
T, w2 LCLEH 9 FAFu O]E}.m[g]
K _ ww:
S ®)
Ko = w,

ﬂd
>
o
2
i
E
g
>~1
Sk
rr
=

2
n

A5 *3/‘1 %E—i‘:‘a”ﬁ e
=
=

ol
T [~
o
s

N orp Ao
fr I o o o
o5
R
p‘L
R
b P

il
Ao s} 1

;(43}_‘— aa=

% 10% N: Number of Parallel
Droo 100% x1: Rated Current
Vo\{ape (y') N (1) (%) | x2: Fault Detect Level
9 | | | y1: Allowed Voltage in Grid
y2: Over Current Level
BESS Fault  20% ]
Level  (4))
Allowed 1%
Level (i (x)
“— Normal — Warning —* Err * Output

Current

Fig. 9 Droop Ratio according to Output Current

Over View

Wind Turbine
BESS (Battery Energy Storage System)

U m VCB & MOF l
Distribution I ™ §
Room —— T

’ -l. =

BESS
Side View

(Zoom)

Auxiliary
Water Tank

Fig. 10 2MVA BESS with Wind-turbine in Micro—-grid
Gapado

7%+ 12 Droop Alo}717F s28HA] &= FHola,
T7F 2% Droop Ao}7F A Fete ooz &9 AF
7b AR WY Yo gonw A EY¥E A
o A 2 F JAEE i} ]Uﬂ =714

47 8%
o) Ao AsHE Bz AL EE AR
44 ARl ol=v FeszAL FeAe 68 A
HeEs Wty 44 Ao 88%2 At 7
32 =Y AR7E B4 ®MeE 299 AeEA =Y
e AdeteE = AAste] mpolam =9
A7 He As BAgT g 2 xe 7%
8 FAew e oes 2ol
173} Droop Voltage= 0 (7)
1
2%} Droop Voltage = 0.1 X (e‘r —e N) @)
373t Droop Voltage = Y20 X (x—z))+y, ©)
Ty ™Iy
4, g An

7}t e wlola 2 g =eAe] 2MVA BESS 44418
2 FEWAT AAlEte] AT AlE g A
HEASAY Aoldsds 18 wHy FHAFe
2 o] Fox T}

a9 10914 = 7Fotze] AX" 2MVA BESSE UE}



308 7=

Va: E PCU #1
A- 350 Mrons] Ia: 130 (armss

slejaz g = Ae] S

PCU #2

Ia-130 [arms)

Waolt 1485 [V div]
Curr: 116.6[a/div]
|

|
|
|
|
|
|
|
|
|

|
/

VY

10msec

Fig. 11 Output-current of the PCS in BESS

Wline: 6.6 kvrms

]c: 6.5 [Arms]

o} ™~
.w'“ .1 r '.' ;-.

oo — i — o
-J‘-*‘-x.fw,.*’wr“
- o el

20ms

W'-\M-th

B

Fig. 12 Waveform of Voltage and Current in Micro—grid
Motoring(Low—Speed) Mode in Wind Turbine

Wglek e}7]e1 4 6.6kV 7}@5 AEAAE Ad TR2%
VCB ¥ MOF#Y, RzEdg3s slue a4 7o
w2l AAE gAoli Téﬂgﬁﬂ 21, Pad Switch, T
n| sl wjH ALl 712 iule mpo]lm R aE = AR
oot}

a9 11e 2ue] =Y
=, B7] HARER $£435= PCUYA 243 &9
Aty A Folth F o Héi’ﬂ TR 2HAES]

A7) AASAA AV] VER

A

dolB=z AAH PCUSY AfFAdd <3 7t PCU =¥
E¢ 74 %

Bl

offt

@%gsvm+ﬂ%ﬂifowuﬂﬂﬂ%4t
udsle] 7%, WARE Sae] o8] ZA
el S1gtels} of 135° wAyehe
29 120 199 FEuds] A%edw A
66KV ABAAE WA 249 3% AARH

BAFE HEhiAY R Vs Fel s Theke
nlolaz = A% AYA]E 66kVE AASA
At} 7t E mpelazageoale FEwET] %

7 ANBA BAT FEE FIFERA| 2ZELE

AAE 9% MVAF

W g A AGA2~-H(BESS) A8 3 A

Ic: 134
(GEN 152[kVA] )

[c: 134 [Arms]

a3ms
—

Fig. 13 Waveform of Voltage and Current in Micro—
grid Generating(High-Speed) Mode in Wind
Turbine

Dummy loads - P,Q
T

=~ Active Power
~ ~ ~Reactive Power

Reactive Power

Wy,

JANfIN,
e VTR, Y st St it ot
y Mt

[KW], [KVAR]

]

AN et WY

Active Power

4 1
0 100 200 300 400 500 600

Fig. 14 Dummy-Load Test in Gapado Micro—grid

B FAe] o) nxutdie] xFE HAFzEe] A
a1, old wE FHAQtY AVIWE ¢ A YFe H
A #5S B 4 ok

O% 13 FEEAY] @ g2 AHEHRE T A
2MVA BESS®| &¥54S Yehydet 9847 &
A AL A7 eUA = ASS AR A9 AduEd
o] 180° S/d=atolel <ofdl] sttt HiHdE S
g2 152kVAolY AFdFe WEo] oste A
Feoll Aol7k lom, it AES Aty AFIHES
ol TEHEAT] AFAgY] gl AASA s
2 4 9

09 U 10 FELANE Ae
A AZt EE a4z FAY Hols FAAEe
A%E FRE AYFOR ehhch BAFEAYO]
oF 50kWoll A tn]i-ate] 7|5 50kW, 100kW, 175kW



The Transactions of the Korean Institute of Power Electronics, Vol. 19, No. 4, August 2014 309

50
a8 , : -
B | | =
44 Rack_05
—— Rack_08
42 Rack_07
Rack_08
40 4 —— Rack_09
g »] =1
o 36 — R::k:ls
O 344 —— Rack_14
(53] Rack_15
324 —— Rack_16
—ANG
30
28 et i
26 1 1
e B T hr
2] | <
20 T T T 1
80000 90000 100000 110000 120000
HHMMSS
(a) Battery Charging Status in 2MVA BESS
20 ] | —— 7oAl
neo ] | | | TOTAL
200 ]
160 4
120 ! | :
= 0] Charging
el 404 :
g o] |
5 —LM l
3 404 ! !
-80 4 . .
255 | . Discharging
-160 ‘
200 4 1 hr
240 ] —
280
h T T T 1
80000 90000 100000 110000 120000
HHMMSS
(b) DC-Current of BCS in the 2MVA of BESS
750
Rack_01
745 - 1 1 1 Rack_02
—— Rack_03
740 —— Rand
735 Radcor
—— Rack_08
730 —— Rack_08
=5 —— Rack_10
o 7254 —— Rack_11
8, —— Rack_12
g ™ -5
5 715 e
—ANG
710
705 4 L I
7001 } 1 hr
695 E ; +
690 . T T |
80000 90000 100000 110000 120000
HHMMSS

(c) DC-Voltage of BCS in the 2MVA BESS

Fig. 15 Battery Status in Gapado Micro-grid

2 Ak PSS A9 15kWE B4 FYed S o),
2MVA BESSe| #8335 8S 5tk
Oy 1565 FEEAy] 3 g9 n&eARERE oA
Al 2MVA BESS®| HiE2] Sd 54, wigg dska
AF s dERda ok 16709 siEg] Fex] 3
stoulEl ] dEEA, FEEA ] AANGeR FHA
Z] A

2]
F7) JpAE 3 ool wel wiEe Ag3 ZAAE 7}

5.0 PN
weke ® 4 gtk

e T T T T T T

;—Anlrlhuu
al Motoring Mode L= Rty P
- Max Active Power: 180[kW|
0 = Max Reactive Power: 460|kKVAR] A
1: - Operating Time: 1.5]sec]
_ = | .
:
el Lot s s e sdeissy
: T T A v e
N — |
RIS 1
Generating Mode
=) - Max Active Power: 240[kW]
] 2:1 4:u n‘u ﬂll i l;ﬂ ;4‘11 0 ulm 200
sec]
(a) Active and Reactive Power
L : T T
| =3 phase Voltage
Yas 1[PU| = 22.9]KkV]
e - - min: 0.98[pu|
106 | Motoring Mode: 1,5[sec| - max: 1.01{pu]
1M -
1t 1
z I_———v.._
[ L1 -
(T35 : .
(18 1
) L L L i | | i L |
] 0 0 “ ] 100 [E] 10 160 180 200
o]
(b) Voltage Fluctuation Regulation
2 T T T i =T
L5 - min: 59.9|Hz|
= max: 60.1|Hz|
o

."4_\ Motoring Mode: 1.5[sec] |

E | - P SEROURERV PSP SO SO Sy S|

Generating Mode
b b
“D !T J“l ﬂ:l m II!II ]Jm H’ﬂ l;ﬂ ll‘ﬂ 20
Isex]
(c) Grid Frequency Regulation
L] T T T T T o
—Sohem
1= : — Yot
e Max THD of 3-Phase Volt
= R phase: 4.9]%]|
lin 3 - S phase: 4.5|%)|
(Generating Mode T phase: 3.1[%]
sl
£ o " | Motoring Mode: 1.5[sec| I l

1 T
[} u L] @ L] 100 120 140 160 180 200
[see]

(d) Total Harmonic Distortion
Fig. 16 Power Quality Estimation in Gapado Micro-grid

a9 164 FEEAY] g e %A Al 7t
T onlelazageoA EAHE AEF dijolr)h
a2 16 (@9AXE f, FE A8E a3 b



310 7t E nfolAR T =0 A FeEukd

e

AL $13 2MVAT HlEE] oA AGA~=(BESS) 44 9 A3

25 (0 FYFHESE e AY dId&5S 593 H. Hansen, “Review of Comtemporary Wind Turbine

ZAN7ko 7 e T Concepts and their Market Penetration,” — Wind
105m/sec ©]AFe] ZTxwa A ZEulAy]o] V|ER Engineering Vol 28, No. 3, pp. 247-263, 2004.

lzoﬂ A AR es A= A7he oF 1527 425 [5] Smart Renewable Project Business Plan(POSCO ICT),

2009.
[6] Soo-Hong Kim, Tae-Hyeong Kim, Yun-Hyun Kim,

‘ﬂ/ﬂ X}X]i EE;HA R R i‘:%o}ﬁq' s Dong-Seok In, Byung-Ki Kwon, Chang-Ho Choi, “A
w3k A FEAE 460kVAR, S 180kWelH Development of 2MVA Battery Energy Storage
AR e o B AHS 240kW, 48] FEAE System,” The Transactions of Korean Institute of Power
2 oF 8kVARS A8t} 7HatE wlo] a2 g = Electronics, Vol. 17, No. 2, pp. 174-181, Apr. 2012.
Aol FHuA 7|9 AAIE 2MVA BESS ASA & 91 [7] Seung-Jin Oh, Tae-Hyeong Kim, Byung-Ki Kwon, “A
o] THIore AY P RE3Ae TEwzsY S Parallel Control Algorithm using Droop Control for
e HARER A Hi= Lrlo|tl o] Fu Battery Energy Storage System(BESS),” 7he Korean
719 AEAG Suold WE AUAZE BESS | Il of Pover Blecronis i 113 Row 20,
0 6] o] 5 6= mw = Y eung-Jin Oh, Tae-Hyeong Kim, Byung- won,
jﬁg}éf ;jffj‘ﬁ’] Agjﬁa‘rri 6;0 Z'?E;‘(ji;o ;]: Parallel Control Algorithm using Droop Control for
e v oec Ao Battery Energy Storage System(BESS),” 7he Korean
= A= AAAFES HASE shefok Z&E}' Institute of Power Electronics, pp. 131-132, Nov. 2013.
= AldelM= 7 ]"‘TJF rfojARIHE ATAEE F (9] Seung-Jin Oh, Tae-Hyeong Kim, Byung-Ki Kwon, “A
3 2MVA BESSe| &#EA o] AGHHE 5(7 ols}h, # Parallel Control Algorithm using Droop Control for
ol 4 Fu4 HEE 3% o|3t¢] IEEE 1547[10 g Bl Battery Energy Storage System(BESS),” 7The Korean
ALY wAAE A7 FA wEs= Ay Fols) Institute of Power Electronics, pp. 131-132, Nov. 2013.
o). [10] IEEE Application Guide for IEEE Std 1547.2™ 2008

58 E
2(2BE)

B =RoAe R mlolmz o 92 132M. 2001 Fof MX
2MVA BESS®} F=@7]e] AAAES 53, X =, 20034 S st MR
°J F4do] IEEE 1547 7)ol whEghs gelsisin) & , ZA(AAD, 2007H~3K POSCO ICT 7|

LHT TAEFA 2"41 ! ?Lé A= '

oA %Mf@% 53 wEEe] Aug w CEXICES )

dhglom Feubdy] ubd X g EeE £3 19831 28 15204, 2009 WX|ch 7|38

& 54 AdTFsas A% o %4 /i 2 B8 01 S diE TR olS

o)z 1E)eo A AokE OMVA BESSS] A o} Z(MAD. 20114 ~x POSCO ICT 7|
SUTL HAHEAP|EE YT

References

[1] Sergio Vazquez, Srdjan M. Lukic, Eduardo Galvan,
Leopoldo G. Franquelo, Juan M. Carrasco, “energy
storage systems for transport and grid applications,”
IEEE Trans. Industrial Electronics, Vol. 57, No. 12, pp.
3881-3895, 2010.

[2] K.CDivya, Jacob Ostergaard, “Battery energy storage
technology for power system - An overview,” Electric
Power Systems Research, pp. 511-520, 2009.

[3] Young-hun Jung, “Korea’s Smart Grid policy and
deployment,” Ministry of Knowledge FEconomy(MKE)
Counselor to the Minister, pp. 15-17, Nov. 2013.

[4] Anca D. Hansen, Florin lov, Frede Blaabjerg and Lars




311

The Transactions of the Korean Institute of Power Electronics, Vol. 19, No. 4, August 2014

| (R E)

19704 12¢ 524,

M3

32}
M
"

Q
&
ofll
|
Ql
Q
o))

E

oAF4a Anf

A
=

X POSCO ICT 7|

A~

20114 MEh &7

1985 52 25204,

SR POSCO ICT

S

A(MA}. 2013 ~

19844 MSCH sk

1956 102 182M,

19834 ~1987d LG4t

e

SESE

Al




