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SUMMARY

The Korean government actively takes actions of the energy policy, by
which the capacity of RES(Renewable Energy Resource) is to increase up to
20% of all energy sources by the year 2030. Along with the Korean
government policy, Jeju Special Self-Governing Province of Korea executes a
policy(so called “Carbon Free Island Jeju by 2030”) of distributing 2GW of
RES and converting all vehicles into EV(Electric Vehicle) by the year 2030.
In Korea, the RES capacity is not only increasing but also the fast/slow
charger in buildings, homes, and public places are rapidly spreading.
Especially as the installation of the slow charger for the EV users in the
individual customer becomes dominant in the LVDS(Low Voltage Distribution
System), it begins to act as a malicious load in LVDS designed according to
transformer capacity. Therefore, a special caution is required to increase the
inflow rate of the EV charger in the customer not to cause a low voltage in
the secondary feeder as well as not to violate the capacity limit of the pole
transformer. In addition, when it comes to the increase of RES capacity in
the LVDS, it also needs a caution to prevent the overvoltage in the
secondary feeder.

Traditionally, in order to solve aforementioned problems, the first
reinforcement action is to replace the pole transformer by a larger capacity,
and to expand the secondary feeder. The second reinforcement action is to
mstall pole transformers closer to EVs. However, the traditional approaches
require time and high cost. Thus, it is understandable that the traditional
approaches are not suitable for future electric networks. Therefore, this thesis
proposes an innovative control algorithm of the ESS(Energy Storage System)
that is to contribute to increase the capacity of EVC(Electric Vehicle Charger)

in the LVDS without reinforcement of the existing facilities.



An ESS is used in various forms from the transmission system to
distribution system and microgrid such as frequency regulation in distribution
substations, power stabilization of fluctuating RES, peak—cut for charging at
light load and discharging at heavy load, and emergency power generation,
etc. In particular, the introduction of the ESS in a LVDS without voltage
regulation can have a number of advantages. However, as the capacity of EV
and renewable energy is continuously increased in LVDS, research is needed
to increase the capacity that can be connected using existing facilities as well
as voltage issues.

In the proposed control algorithm, in order to solve the problems of voltage
drop/rising and feeder capacity by introducing a large number of EV chargers
and RES in the LVDS, an advantage of ESS bidirectional power flow is
considered at the end of the secondary feeder in order to maintain the voltage
and the power within allowable limit(voltage: 220+6%, feeder capacity: pole
transformer rated capacity). The proposed control algorithm shows its ability
to expand the capacity of EV up to maximum twice the capacity of the pole
transformer with the various conditions while the voltage and feeder capacity
are maintained with allowable limit. Its ability is assessed and discussed by
the simulation consisting of an ESS, PV, EVC, and load in the environment

of PSCAD/EMTDC software and hardware system.

_Xi_
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Table 2.3 Power required to accommodate EV and PV system
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Fig. 3.11 Battery modeling
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1, S0C< 10%
(t)Z{ (4.19)

0, SOC= 10%

Table 4.1 ESS®| Alo] &arg]FolA ARSE= 5709 A=27
A oA ZEE=AE HojFH, ESSO /A e, 8%, 8% so] A

sol we FaaA Do,

+
N
X
10
o2
fuj
=

Table 4.1 Classification of ESS operation signal

Classification a I} v 0 n
Charging mode 1 - - _ _
Discharging mode 0 1 - - -
ESS charging Operation 1 - 1 - -
ESS discharging Operation 0 1 - - -
Stop at SOC > 90% - - - 1 _
Stop at SOC < 10% - - - - 1

Aol ZAd o 51 sk Aol A ESSe &d 4
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Table 5.1 Model parameters of the distribution system

Category Contents
Pole Transformer 300KVA, 13200/230V
Rated Voltage 220V
PF 1
Line Impedance 1 Z:O%Zxé;?grgég;gz J/km
Line Impedance 2 Z:(? Ygé}f()o(r)%r;ozgg /km
(Custgr?lzg EV) 0~570kW
PV system 0~240kW
ESS Output 0~ 320kW

Table 5.2 Specifications of the secondary feeder

Section
Number 1 2 3 4 5 6 7 8
R
Line (©/km) 0.248 | 0.248 | 0.248 | 0.248 | 0.248 | 0.248 | 0.248 | 0.196
Impedance X
(©/km) 0.085 | 0.085 | 0.085 | 0.085 | 0.08 | 0.085 | 0.085 | 0.098
Length(m) 60 60 60 60 60 60 60 10
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Fig. 5.16 Voltage and power of LVDS with EV when an ESS is connected to

Bus2, (a) voltage, (b) active power
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Fig. 5.17 Voltage and power of LVDS with PV system when an ESS is

connected to Bus2, (a) voltage, (b) active power
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Table 5.3 Active power of each bus when Bus2 is lumped load

(total load: 570kW)

Power(kW) Busl Bus2 Busb Bus8 Bus9
Case 1 319 31 -110 -259 -260
Case 2 300 12 -130 =279 =270

Table 5.4 Voltage of each bus when Bus2 is lumped load
(total load: 570kW)

Voltage(PU) Busl Bus?2 Busb Bus& Bus9
Case 1 1.041 1.030 1.020 1.057 1.062
Case 2 1.041 1.031 1.027 1.070 1.075
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Table 55 Active power of each bus when Bus2 is lumped load

(total load: 513kW)

Powre(kW) Busl Bus2 Busb Bus8 Bus9
Case 1 299 41 -87 -219 -220
Case 2 290 32 -96 -229 -230
Case 3 280 22 -106 -239 -240

Table 5.6 Voltage of each bus when Bus2 is lumped load
(total load: 513kW)

Voltage(PU) Busl Bus2 Busb Bus& Bus9
Case 1 1.041 1.031 1.017 1.047 1.050
Case 2 1.041 1.031 1.021 1.053 1.057
Case 3 1.041 1.032 1.024 1.060 1.064
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Table 5.7 Active power of each bus when PV system is concentrated on

Bus?2
Power(kW) Busl Bus2 Busb Bus8 Bus9
Case 1 -132 -9 50 109 109
Case 2 -120 1 60 119 119
Case 3 -32 88 147 201 200
Case 4 -19 102 159 212 211
Case 5 -7 115 168 223 222

Table 5.8 Voltage of each bus when PV system is concentrated on Bus?2

Voltage(PU) Busl Bus?2 Busb Bus& Bus9
Case 1 1.051 1.055 1.060 1.043 1.041
Case 2 1.051 1.055 1.056 1.036 1.033
Case 3 1.049 1.050 1.022 0.972 0.968
Case 4 1.050 1.051 1.018 0.963 0.955
Case 5 1.510 1.520 1.012 0.952 0.941
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Table 5.9 Active power of each bus when Busb is lumped load

Power(kW) Busl Bus2 Busb Bus8 Bus9
Case 1 257 113 -176 -329 -330
Case 2 268 123 -167 -319 -320
Case 3 288 143 -148 -299 -300
Case 4 299 153 -139 -289 -290

Table 5.10 Voltage of each bus when Busb is lumped load

Voltage(PU) Busl Bus2 Busb Bus& Bus9
Case 1 1.041 1.033 0.995 1.565 1.062
Case 2 1.041 1.032 0.991 1.049 1.055
Case 3 1.041 1.031 0.984 1.036 1.041
Case 4 1.041 1.031 0.980 1.028 1.034

Table 511 % Table 512 A SHd 29 THA ] BB Lol ITHAS W
AlEH oA AE HoFEh FHAA dAE BT AL 240kWe] 50%11
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Table 5.11 Active power of each bus when PV system is concentrated on

Bus5
Power(kW) Busl Bus2 Busb Bus8 Bus9
Case 1 -89 =27 93 151 150
Case 2 =78 =17 104 161 160
Case 3 -16 7 197 244 243
Case 4 27 89 208 254 253

Table 5.12 Voltage of each bus when PV system is concentrated on Busb

Voltage(PU) Busl Bus2 Busb Bus& Bus9
Case 1 1.051 1.054 1.063 1.033 1.030
Case 2 1.050 1.053 1.058 1.024 1.022
Case 3 1.050 1.050 1.023 0.946 0.952
Case 4 1.049 1.048 1.019 0.944 0.940

543 FAEYY] HaA Ao 7 E HEFFALe JFE B
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Table 5.13 Active power of each bus when Bus8 is lumped load
(total load: 570kW)

Power(kW) Busl Bus2 Busb Bus8 Bus9

Case 1 300 12 -130 -280 -280

Table 5.14 Voltage of each bus when Bus8 is lumped load
(total load: 570kW)

Voltage(PU) Busl Bus2 Busb Bus& Bus9

Case 1 1.041 1.031 1.027 1.070 1.075
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Table 5.15 Active power of each bus when Bus8 is lumped load
(total load: 513kW)

Power(kW) Busl Bus2 Busb Bus8 Bus9
Case 1 301 41 -87 -219 -220
Case 2 291 32 -96 -229 -230
Case 3 281 22 -106 -239 -240

Table 5.16 Voltage of each bus when Bus8 is lumped load
(total load: 513kW)

Voltage(PU) Busl Bus2 Busb Bus& Bus9
Case 1 1.041 1.031 1.017 1.046 1.050
Case 2 1.041 1.031 1.021 1.053 1.057
Case 3 1.041 1.032 1.024 1.060 1.064
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Table 5.17 Active power of each bus when PV system is concentrated on

Bus8
Power(kW) Busl Bus2 Busb Bus8 Bus9
Case 1 -81 -19 40 161 160
Case 2 -49 12 72 191 190
Case 3 -5 56 116 232 231
Case 4 32 92 151 264 263
Case 5 57 119 172 285 283

Table 5.18 Voltage of each bus when PV system is concentrated on Bus8

Voltage(PU) Busl Bus?2 Busb Bus& Bus9
Case 1 1.050 1.053 1.060 1.046 1.043
Case 2 1.050 1.052 1.048 1.023 1.021
Case 3 1.050 1.051 1.032 0.993 0.989
Case 4 1.050 1.049 1.018 0.966 0.962
Case 5 1.049 1.048 1.008 0.942 0.940
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Table 5.19 Active power of each bus when load is uniform

Power(kW) Busl Bus?2 Busb Bus8 Bus9
Case 1 301 107 -86 -280 -280
Case 2 290 97 -95 -289 =290
Case 3 259 67 -124 -319 -320
Case 4 250 58 -133 -329 -330

Table 5.20 Voltage of each bus when load is uniform

Voltage(PU) Busl Bus?2 Busb Bus8 Bus9
Case 1 1.041 1.031 0.995 1.025 1.030
Case 2 1.041 1.031 0.999 1.032 1.037
Case 3 1.041 1.033 1.010 1.052 1.058
Case 4 1.041 1.033 1.014 1.059 1.064
Table 19 B Table 202 AP E] 7 A| o] 27 BjFFdLdo] FEEA
B4 AEdeld ARE Bosrh HFddde T Hd=S 240kWeol iz, A8}
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Table 5.21 Active power of each bus when PV systems are uniform

Power(kW) Busl Bus2 Busb Bus8 Bus9
Case 1 -101 -20 61 140 139
Case 2 =47 35 115 191 191
Case 3 -24 57 139 212 211
Case 4 -12 68 149 223 222
Case 5 24 107 185 253 250

Table 5.22 Voltage of each bus when PV systems are uniform

Voltage(PU) Busl Bus?2 Busb Bus& Bus9
Case 1 1.051 1.054 1.060 1.040 1.039
Case 2 1.051 1.052 1.041 1.003 0.991
Case 3 1.050 1.050 1.031 0.984 0.980
Case 4 1.050 1.050 1.027 0.972 0.973
Case 5 1.049 1.048 1.014 0.942 0.940
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7F4E wf 100%71A4 S 8k7] s A= oF 3A3EQt FAs ok sk, olm Bast
ESS9] &2 330kW x 3hour = 990kWheo|t},

Table 5.23 Required ESS capacity for EV charging during 3 hour

EV charging Rate P Tr ESS ESS capacity
(kW) (%) (kW) (kW) (kWh)
570 100 240 330 990
513 90 240 273 819
456 80 240 216 648
399 70 240 159 AT7
342 60 240 102 306

s, 22 wE ] 7] ESSe] 74A-e 20201 A 3888/kWhol m, 4171 Aol 1 4
AAE 3 A7)AE ESSY #8 F7hE Qs 202567k ABTE o 7%4 71 ol
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Falof Tk Table 524 FTAA FHEOR A, g Ev 5agfew
TaHE, AAR AR 5 ) FAR S #Agle]l Ad Ee ST

Ackael tatel W P2 vhebuth E8, 14 AFo} HFoR FES

Wil @ 49wl e A% vl go] Gebx ], Table 5259 o] Az A4
Repol FbE AMAR Ei FAAA wet 488+ ArH4L.

Table 5.24 Customer’s standard facility charges according to the terms of

electricity supply

TR RN e
- wjA kel thstel ASkAH SkW7HA 220,000
Aopae skwzst 2o 1kwel thete] | 66,000

neF EE Sang A FAAEAY 1kwol tjstol 17,000

Table 5.25 Customer’s standard street facility charges according to the terms

of electricity supply

7 ¥ A2 A B A% o
24 A NEARE el A ek 39,000 | 43,000
Faa [ AAAE W Imel dEte] | zop w= =g} 43,000
F71A € 7N EAY S 2= A 5,000
AR | F7EAE ) Imel WiEke] | gor me =qor 10,000

2719l Wbl whe}l Table 5.24 2 Table 5255 vlE S 2 300kVAS] & ko 3k
A QH 2 500m AlAle] w2 Foig AP sH oF 53] 7uiRk o2 FAl THES 60%
2 100% 2L gk ESSO A X 8]E3 HuwgS wf A2 A Bjgo] AHTS & F
Atk 2t AR AAlE b me] §Fe] Ao et A ERE R
woletof sk A¢7F BT, o] W A8 ¥ A ®E A B8 Table 52501
el 1kmt ¢ 53 39igkglo] 28 %

Table 526 1km3 A8 %+« 1Y 7te A= T H &S 2348 & FHe S
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Table 5.26 Customer’s charges according to feeder length

Z ol (m) st 7heeH HE 2 & FEa (a9 )
1,000 53,000+57,000 = 110,000

3,000 159,000+57,000 = 216.000

5,000 265,000+57,000 = 322,000

5.200 275,600+57000 = 332,600

=

56 F84 T4 £4 2 A% 3

5.6.1 AlEH A 23} &4
ESS7F AR A v Al s A EVE X3tk ot 8748 3 2 el
of gk At TAE A S8 52 ~548 74 e Al EH S AT
¢4 52doe e ddke] ESS A H/F¢] EV %
AlgelolAle skl o Ay AlQke ufd

Moo A¢ % A EFL NEAYOZN EVE ZHE

ofo
o)
w
0!
o
2
b« 2 =
e
2
o B
N
-3
k)
)
2!
i

ol L9 $84S FATIR BFRAds] B AGS HEA oy

J{m
o,
M

Ho] o]Fojfor] ESSE W] Aako] AN 450l

PN

T o o o
E7E /U S 93, F A ESSE AANUE Ao £ 3
SWoll A Fok= 19u7HA] =84S e o Ao, B3 dY A5 st

w A 7F A e

_78_



}

.AO

AR dedo] AAG

ESSE

1
.

g 5474 ol A

iz
ol

skl mEkA ESSe) 4

1l

W wEEe o

—_
fite)

e gz Aok 38

Al H

Nfo

NI

ke
T

F Tk Table 5.27

o] 3]

o

A oW = FA]A7]7]

olo
o
el
o
alo

%!

)A
K
ol

e

N
)

B
it

mﬂ
G
e
RO

AL
00

wK

fite)

il

Table 5.27 ESS power range to keep feeder capacity and voltage within

allowable limit
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Fol 2Ash ARNE A5 TP A8 b A4S ALUES

UEt = Buslolld SA® A9 HolBE A&kl 4 (G.)ol whet Aibe

s 2
E (Pl,t - Prated)

SE(P1,P,eq) = N (5.1)
o714 P& H37F AWty &3S sk A T Ald W 5AS

v A dolEol:, P, = FARvel AL E00kVA)S eI

Fig. 521 ¥ Table 5282 At vl d A Eol A ElSd dded mE FH ZE A
ESS 97 2/F9 AEWE 452 ehlm, ESS 97 F9 45457 ES

Auch de AEE vege #ad & g

wm
rO
X

Performance Index

——Without ESS ——With ESS

Fig. 5.21 Comparison of the performance index in charging mode

Table 5.28 Comparison of the performance index of charging mode

Classificati Before operating After operating
assification
ESS ESS
Performance index
16.41 10.78
value
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Fig. 522 % Table 529+ A%t v A A FoA EVE ¥ &3

e
We A BE A ESS AA A/ AduE 452 e, BSS 97
BEAFTE BSS A AT U ARE JEue seg &

Performance Index __ .0 i Fos o wim Ess

0 z 4 6 8 10 12 14 16 18 20 22 24

Fig. 5.22 Comparison of the performance index in discharging mode

Table 5.29 Comparison of the performance index of discharging mode

e Before operating After operating
Classification
ESS ESS
Perf ind
erformance index 39,08 10.95
value
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Grid simulator b}
Pole transformer/Substationfincluding SVR)
-

PLC: Node #2

Section 1( Controllable impedance)

Section 2(|(gntrollable impedance)
Ar,tr;ﬁ‘q‘a\ feeder 2

Achifcial feeder 1 [
&

J gﬁ

--------------------------------------------------
AC main power supply

(Transportation type)

RLC Loads 1. 2(17.49kVA) X 2 {%%% o
5 Vi powerle
: Load ez N

( Controllable Loads)
3

PLC : Node #4

Fig. 6.1 Test system configuration for LVDS

- 30KVA RLC Loads(1VA-30KVA)
- 0VARLC Loads({VA-30kVA) - RefKling impedance(0.+1.5 ohm)
- R#jX line impedance(0.1~1.5 ohm), Distribution Line

- ft 0.35!/2"d 0.38kV transformer
NCT/ YY connection

o and RLC Loads
60kW scaled Distribution Line .
Switch gear and RLC Loads =] = ]
== m-:‘ <8l 2 4

=

b _ ,__,: -.',:.
32kW Grid ! i’@
simulator A By s
- E& 150 |
scaled RES |
simulator  /
- 15kW inverter
L 15k power supply

Fig. 6.2 Test system for LVDS
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Table 6.1% 2t}
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Table 6.1 Specification of artificial LVDS
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~ | Main Control Unit

(BECKHOFF)
PLC: Node #1
{
Ay
/0 30kVA scaled Switch gear
1
1 na
Ot i -
\\‘.;\? [H | Lo | P ‘ i PT
L NN e ey i DS i S M B
_‘:_’ i ¥ Slidas 'vw! L l D
! 40Aper1p|  NCT(Y-Y) v :
Inter‘ock{ %o | 380380 AcB & e ..
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S : 1| 50/5 \ RS ) I 50/5 | N{:xi% e
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Fig. 6.3 Configuration of artificial switchgear
(2) ATERRALE AT ATYH AEHIEH BE
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a0

(a) (b)

Fig. 6.4 Configuration of artificial switchgear,

(a) configuration of switchgear, (b) grid simulator
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Table 6.2 Specification of secondary feeder

= H 2 H]
_— R O(by-pass) ~ 2.1Q %4 7}s(step: 0.1Q) 21 step
phase o = .
L O(by-pass) ~ jX1.1Q =4 75 (step: jX0.1Q) 11 step
_MR1_ _MR2 _MR3 _MR4 MR _MR8 _MR7 _MR8
. ATk cnsoro‘“ ; , o.82 mj;l;(m:imﬁpg 5
8
_MS1_ _MS2_ _MS3 _MS4 _Miﬁ_ _’ﬁi _MS7 _Ms8_
8lg - @i
_MT1 _MT2 _MT3 MT4 _MT5 MT6 MT7_ _MT8 _MTg
1 CT3 1Q0: 1_00.19 0.22 0.4Q 0.62 0.82 nag n.29 n.42 049
cigt M *, = £ L ‘—%%’%“ 2
Nl r‘ -
35 D@ [ [~ 7] ,% [% N

Fig. 6.5 Configuration of the secondary feeder

Artificial feeder 1

Measurement Device
: ]
A 1 :\ _\Sending
Reix i 00 )
L <hi ! 1 aFre # / m
ﬂ :—ﬁ Rtjx | L [
U : il
\ /—l—/Jl
\ Rti L ! |
\ X A1,
\ Intelack
| | E—— [
T
|
[}
I
4Lr\_} AN
i |_|Recelving : |’) )
m&’ q]v (_D/N\‘ Q) —:—*—.@_//
y Uy Y
W\ & & L
PV £SS RIC Service Sending Rﬁiceivmg
simulator Simulator ~ Loads
(a)

- AlYE M2 PLATE

Fig. 6.6 Real configuration of the artificial secondary feeder,

(a) architecture of the secondary feeder, (b) Artificial line simulator
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S)ste], F9H s F5H(Constants A AR, FE4, §34 LS ol G5}
FARY. FANOR, 74 PIgA RES 3oR FAHM 7 A

<
5
AA Y. E Table 635 2ol AFY¥-3h= $3 kW T4 5ol BW B9l 2
A 15kW7HA] Zhasm S Reksh fEA et Y
33VAR @912 12kVARZ7HA] 7HH & 4= Q=5 FA 3o} Fig. 6.7 A4 Fst&s

o] &gt RO R RE T EolH, Fig. 6.8 AA At sl dAlE Al Adn]

Table 6.3 Specification of 3-phase load

A TR 5 3t v & H| a1
R 0~15kW =4 75 (step: T 33W)

3 phase L 0~12kVAR =4 7}&5(step: @7 33VAR)
C 0~12kVAR %4 7}s(step: @ 33VAR)
e e g g OFO=E°E K

-2 -2 -2 L a8 -2 -2 Ly-2n
1.67Wx3  3.3Wx3  6.6Wx3 13Hx3 26Wx3 33Wx3 66Wx3 133¥x3
RI0-R

S10-R
T0-R

A e
O "¢
W

BOah

Ly-2i

LY-24 [ WCéa WCéa
266Wx3 333Wx3 666Wx3 1.3kWx3  2.66kWx3

Fig. 6.7 Configuration of the artificial load
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= 15KW RLC £8 841331

@ RLC Loads 1. 2(17.49KVA) X 2 |

;

sumEzsEEssEEssEEm

R L C
S5kw 3kVAR 2kVAR
X3 X3 X3
(o)
N S

Fig. 6.8 Real configuration of the artificial load,

(a) architecture of load, (b) artificial load simulator
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Envi Ir(k), Te(k)
(o Tt ’ > Fulrt), Te()
) Voelk), lclk)
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Block
T
1 Programmable
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T 1 > PV Array model Gl G )> DC Power supply
B v™(k), 1™(k) |
Measurement v
Block |
|
T T |
i | |
| I, |
: Operation Logic | :
: For PV System
Y

Fig. 6.9 Operation of PV system

71l A Agsk gl olsled DC  Amplifieret ©ESFEdYd A&
STHEAEAN 2 FAHE A vl d Al S A8 o] eldgAY A BES Fig. 6107

Eiasy

i KIER
T T 10kW scaled DC-DC
converter
MONTERNG(IV P
o
MONERING
DCL
ANty SYSTEM
Ievel adjusting
Plig tpe &% Including
KIER el
Matinga o Wm
purchase (o MR paver el CONTROL
T eSS =
KIER PV PART
MONTERING|,V,P
CONTROL (PY)
(a)

Fig. 6.10 Real configuration of artificial PV system,

(a) architecture of PV system, (b) PV simulator
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6.1.3 A MAAT ALE ESS #A ZE

TEA FEE S g ESSY Ao duglE s Ak, A wdAE
Al el AgHE ESSe FadHE(p)S 24T + e 30kW PCS(Power
Conditioning System)2} 30kWh 2]&©]<> w2l H} o714 PCSe} viH gl =
AA A ESSE &838H7] 918t Abgshe A8 AES AFES e, 22t

AL¥2 Table 6.4 2 Table 6.59 #t}.

f
By
oX,

Table 6.4 Specification of 30kW PCS

T ARk
44 E2 (kW) 30
F8(AC/DC or DC/AC) ek F8 94% o)
A5 0.95 °]%
=94 THD 3% |3}
A HSRsE 3% o|3}
TA AW EE 3% o] 3}

Table 6.5 Specification of 30kWh battery rack

T AFF

378 ZF(kWh) 30
=9 660V, +/-66A 1ch
= 3747421, 380V, 60Hz
= <+ 0.1% °]3}
&4l RS232 & USB Interface
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© Agadne HgE AY wAAENM EV B/ Bidddde] 84 FE=

A ESSe] A=t Al A RE2 Fig. 6.119 2

VOLTAGE MATER; ES5 PART 30kW scaled AC-OC
| Voltage /] converter

ey Referenc PV

eelgueing| AC / [—-—-- oy

DC ...._.P BEIIEIT

Nan |
determination of
Vodage

L -ion Battery
Control SYSTEM
Dk Including GUI

(a) (b)
Fig. 6.11 Real configuration of artificial ESS system, (a) architecture of ESS,
(b) real ESS
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(a) T s

Fig. 6.12 Real configuration of measuring device, (a) measurement on Busl,

(b) measurement on Bus3
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Fig. 6.13 GUI of measurement device
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6.1.5 At MAAT N A R 2@ z2a
292 Fig. 6.149}F #o] A|@47}
A AGe AFstn Fe 2 A7 24 75 FEH 3o ArHoer sl

st Aol NEHS AT & I GUI(Graphic User Interface)® -4 ).
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Fig. 6.14 GUI of artificial LVDS simulator
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Table 6.6 Model parameters of the distribution system

Category Contents
Grid simulator 15KVA, 228V
PF 1
Line d OW-16mm®

ine Im n
© frpecanice 7=1.47+i0.092Q /km
Load simulat
oad simulator 30KW
(customer. EV)
PV simulator 24kW
ESS output 15kW
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FE&7F WMol A SHE AYS BojFH ESS A H, R8s MYy S99
20i7bA] Z 7M1 71E 2 Busl ] Hhe 81825 whEehs & ¢ dvh 12y Bus29]
A2 2039V, Bus39] AP 1983VE F4 o] 314XE AA Holds & &
Atk =3 A2 FL A 15kW ©]etE wHE3telof sk}, Table 6.8 A<}
z+o] Buslold ZA¥ AZo] 29.8kW, Bus2olA SA4¥ Aol 20.3kW7F = o

AR 2A Wolge & = Ark mebA R Sl WY $FL Rt
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Aeke HAEA ol WA Bl HEEHE Wel71o) AAEE olsm §A2

Voltage of each bus

mgpee BEFOr e ESS g AiTT2r ESS a=LIpper fimit

g | vy 7 M

bus1 bus2

Load

Fig. 6.16 Power characteristics of LVDS with load, (a) before connection of

ESS, (b) after connection of ESS

Table 6.7 Measurement voltage of each bus of LVDS when the load is

connected
Before connection of After connection of
ESS(V) ESS(V)
Busl 2129 220.0
Bus?2 204.5 217.8
Bus3 197.7 222.6
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Table 6.8 Measurement power of each bus of LVDS when the load is

connected
Before connection of After connection of
ESS(kW) ESS(kW)
Busl 29.8 14.9
Bus?2 20.3 49
Bus3 9.9 5.0

Table 6.9 Comparison of simulation and hardware test for the EV

(total load: 30kW)

Simulation Hardware test
Before After Before After
connection of connection of | connection of | connection of
ESS ESS ESS ESS
Busl 213.3 221.1 2129 220.0
Bus?2 203.4 2185 204.5 217.8
Bus3 198.3 221.1 197.7 222.6
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40

(c)
Fig. 6.17 Measurement of power characteristics of LVDS before connection of

ESS, (a) Busl, (b) Bus2, (¢c) Bus3

(a)
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et

(c)

Fig. 6.18 Measurement of power characteristics of each bus after connection

of ESS, (a) Busl, (b) Bus2, (¢) Bus3
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Before connection of

Bus?2
Bus3

Table 6.10 Measurement voltage of each bus of LVDS when the PV system
Busl




Table 6.11 Measurement power of each bus of LVDS when the PV system is

connected
Before connection of After connection of
ESS(kW) ESS(kW)
Busl 23.4 8.8
Bus?2 15.7 9.1
Bus3 7.9 71

Voltage of each bus

e BEFOr 8 ESS wmgem AfTer ESS o Upper limit bt fiirt
250 |
AN e -
i i
230 & -
220

-
210
L i &
200
1540
18D
busl bus2 bus3

Fig. 6.20 Power characteristics of LVDS with PV system, (a) before

connection of ESS, (b) after connection of ESS
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Table 6.12 Comparison of simulation and hardware test for the PV system

(total PV system: 30kW)

Simulation Hardware test
Before After Before After
connection of | connection of | connection of | connection of
ESS ESS ESS ESS
Busl 238.2 231.8 238.2 230.4
Bus?2 242.9 232.2 242.9 231.0
Bus3 246.5 229.1 246.5 228.2

Fig. 6212 Bj<ddd el 2dgo] =44Rtr] &3] 16vd o 48

I\
ol
o
ﬂ
il

ol 43k ESS 7 #/%F 7t wrolA 24¥ Ay E4A}E nolF

ny

nogo
1995 1

(a)
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(b)

Fig. 6.21 Measurement of power characteristics of each bus after connection

(a) Busl, (b) Bus2, (c) Bus3

of ESS,

- 106 -



>

1.
A ot Bl Aol A

-

R

Aol A

=

o

ol
o)

I wi -8 ESSe] Ao

S

_(H
Jo] AAE A g} 1A E ol A
9] olulm §AN7WA 71 AF ] A

7] gake] Hv) 261714

Feaeh. ol

—_
"o

ofy

s
oE

%/

X

T

ol

Ry

2

e

H

A
5

WA
b

=
[e]

=

A7) 2, B

=

[}

o BV 2
1
3 o,

PN
T

o]
1=

skol o}
o}

°

1
.

2 3}

}

)
pad

(1) ASE w@ AN EVY

oo dj
EV7} 1A

] o= FA417]7]

N
olo
iy

ol
!

f1te)
o

ol

o

bl o,

S

o AA

JEeol 23S S EV 2 #8712 4n] dEo]

el

1

o
=

1 %18 ESSe] Ao

}

(2) ESS

R4

_CH

g0 19971A] F&4

i

==
T

=4

o

!
i
Mo

el
o

%/

X

b o,

0
o

- 107 -

(4) ESS9]



A

(5) ESS9] 9A fA&

29

ﬁo

[e)
A=

5

tol, A=deo] ESSE 97

)

b et

(6) EV 2 H

o)

ok 3h& &lste] ESSe] #4284 % PCS

K]

el ) A%

17 98 EVe] An]4

S

Ao

[e]
=

|

(7) A%t vl AE<] sk

=3¢ wadste] BSSY

ox
o

No

il

=
_#Onﬂ

2]

#r

Q) At i dAEANAN =87k dHan] At B

FA Tt

Jo

7449l EVel ALgo] 7}

5l

=
=

Atk ol& Fall 4 7Hgeld EV

=
T

]

o

=
=

el

7o' Agel Ao A Al Az el AAlE ESS9

Feleh 7)o

5|

- 108 -



(1]
(2]

[3]

[4]
[5]
[6]

(7]

[8]

[9]

RS FAAN, A 3R; o1 =] 7]E A2, 2019.

M.S. Park, M. Barrett and T.G. Cassarino, “Assessment of future
renewable energy scenarios in South Korea based on costs, emissions
and weather—driven hourly simulation,” Renewable Energy, vol. 143, pp.
1388-1396, 2019.

Y.C. Park, D.S. Kim, J.C. Huh and Y.G. Kim, “New and renewable
energy policies of Jeju Island in Korea,” in Proceedings of the World
Renewable Energy  Congress-Sweden, Linkoping; Sweden, pp.
2466-2453, May 2011.

AFEEAX S, 7}z a] ofd A= A7 2030 +8 e A5, 2019.
AT, A §FF K 7] EAE, 2017

Y.H. Kim, JJW. Lim, G.Y. Park and O.T. Lim, “Electric vehicle market
and battery related technology research trends”, Transactions of Korean
Hydrogen and New Energy Society, vol. 30, pp. 362-368, August 2019.
ILW. Lee, HG. Seo, S.J. Jang, CH. Cho and Y.H. Chung, “Analysis of
renewable energy generation costs and economic ripple effect according
to the 8" basic plan for long-term electricity supply and demand,”
Reviews of Accounting and Policy Studies, vol. 24, pp. 191-212, 2019.
g, v e, ol gk “ESS &-8&3 #d PCS Vlsd S glerd 7] 8s]
Fz]9) 417, A667A, A1Z, pp. 12-18, 2017.

SK. Han and E.J. Kim, “A study on the impact analysis of power
demand for ESS and smartgrid,” 7Zransactions of the Korean Institute of

Electrical Engineers, vol. 68, no. 2, pp. 100-105, 2019.

[10] Y.H. Cho, S.Y. Baek, W.Y. Choi and D.Y. Jeong, “A development of

VPP platform for the efficient utilization of distributed renewable energy

resources,” Journal of Information Systems, vol. 27, pp. 95-114, 2018.

- 109 -



[11] S. Lavrijssen, M. Anna and T. Ana, “The changing world of the DSO
in a smart energy system environment: Key issues and policy
recommendations,” 7ILEC Discussion paper, no. 2018-015. Nederland,
pp. 1 - 98, December 2016.

[12] H. Behzad, S. Majid and T. Payam, “Stochastic-based optimal charging
strategy for plug—in electric vehicles aggregator under incentive and
regulatory policies of DSO,” [EEE Transactions on Vehicular
Technology, vol. 68, no. 4, pp. 3234-3245, 2019.

[13] R. Hemmati and H. Saboori, “Emergence of hybrid energy storage
systems in renewable energy and transport applications—A review,”
Renewable and Sustainable Energy Reviews, vol. 65, pp. 11-23, 2016.

[14] Z. Matiha, S. Pavlos, D.H. Niko, C. Tomislav and S. Davor, “Review of
energy storage allocation in power distribution networks: Applications,
methods and future research,” I[ET (Generation Transmission and
Distribution, vol. 10, no. 3, pp. 645 - 652, 2016.

[15] Y.S. Ko, “A study on the application cases analysis of ESS(Energy
Storage System) to electric power system,” Journal of the Korea
Institute of FElectronic Communication Sciences, vol. 11, no. 1, pp.
53-58, 2016.

[16] J.W. Shim, Y. Cho, S. Kim, S.W. Min and K. Hur, “Synergistic control
of SMES and battery energy storage for enabling dispatchability of
renewable energy sources,” [IEEE  Transactions on Applied
Superconductivity, vol. 23, no. 3, pp. 5701205 - 5701205, 2013.

[17] Y. Wang, K.T. Tan, X.Y. Peng and P.L So, “Coordinated control of
distributed energy-storage systems for voltage regulation in distribution
networks,” IEEE Transactions on Power Delivery. vol. 31, no. 3, pp.
1132 - 1141, 2016.

[18] F. Marra, G. Yang, C. Trazholt, J. Ostergaard and E.A. Larsen,

“Decentralized  storage strategy for residential feeders  with

- 110 -



photovoltaics,” IEEE Transactions on Smart Grid, vol. 5, no. 2, pp. 974
- 981, 2014.

[19] O. Erdinc, A. Tascikaraoglu, N.G. Paterakis, I. Dursun, M.C. Sinim and
JP.S. Catalao, “Optimal sizing and siting of distributed generation and
EV charging stations in distribution systems,” in 2017 /EEE PES
Innovative Smart Grid Technologies Conférence Furope
(ISGT-Europe), Torino, Italy, 26 - 29, pp. 1-6, September 2017.

[20] K. Chaudhari, A. Ukil, KN. Kumar, U. Manandhar and S.K. Kollimalla,
“Hybrid optimization for economic deployment of ESS in PV-integrated
EV charging stations,” IEEE Transactions on Industrial Informatics,
vol. 14, no. 1, pp. 106-116. 2018.

[21]1 $29, F S35, L=AAE 2013

[22] o], A7IS, oA, HI)ApEAF TN A YT =] ZE

7, A G A A9, 2019,

[23] C.H. Kim, O.S. Park, B.T. Lee and D.S. Rho, “Optimal algorithms for

\.w
\,~
re,

voltage management in distribution systems interconnected with new
dispersed sources,” in 2009 Transmission & Distribution Conference &
Exposition: Asia and Pacific, Seoul, Korea, pp. 1-4, 2009.

[24] D.S. Rho, K.S. Kook and Y.P. Wang, “Optimal algorithms for voltage
management In distribution systems interconnected with new dispersed
sources,” Journal of Electrical Engineering and Technology, vol. 6, no.
2, pp. 192-201, 2011.

[25] D. Rho, H. Kita, J. Hasegawa and K. Nishiya, “A study on the optimal
voltage regulation methods in power distribution systems interconnected
with dispersed energy storage and generation systems,” Proceedings
1995 International Conference on Energy Management and Power
Delivery EMPD 95, vol. 2. pp. 702-707, 1995.

[26] A=HAWNE AFAA, AFXS EV ¥ FHEH] g JHo mE A&

¥ o7, 2016.

- 111 -



[27] X. Liang, "Emerging power quality challenges due to integration of
renewable energy sources,” [FEE  Transactions on Industry
Applications, vol. 53, no. 2, pp. 855-866, 2017.

[28] K.S. Ryu, D.J. Kim, Y.H. Yang, H.S. Ko, B.Y. Kim and H.C. Kim, “An
Innovative Operation Strategy of ESS for Capacity Expansion of
Renewable Energy and Customer Load with Electric Vehicle Chargers
in Low Voltage Distribution Systems,” Energies, vol. 12, pp. 1-22, 2019.

[30] PSCAD/EMTDC, Three-Phase Battery Energy Storage System,
Reversion 1; Powered by Manitoba Hydro. International Ltd. Canada,
2019.

[31] O. Tremblay, L.A. Dessaint and A. Dekkiche, “A generic battery
model for the dynamic simulation of hybrid electric vehicles,” in
Proceedings of the IEEE Vehicle Power and Propulsion Conference,
Arlington, USA, pp. 284 - 289, September 2007.

[32] D.J. Kim, K.S. Ryu, HS. Ko and B.Y. Kim, “Optimal operation
strategy of ESS for EV charging infrastructure for voltage stabilization
in a secondary feeder of a distribution system,” Energies, vol. 13, pp.
1-23, 2020.

[33] B.K. Kim, Y.H. Nam, H.S. Ko, C.H. Park, H.C. Kim, K.S. Ryu and D.].
Kim, “Novel voltage control method of the primary feeder by the
energy storage system and step voltage regulator,” FEnergies, vol.
12(17), 3357, pp. 1-18, 2019.

[34] M.C. Falvo, U. Grasselli, M.A. Manganelli and Modesto. “Small scale
ESS for LV prosumers: An economic feasibility and sensitivity
analysis” in Proceedings of the IEEE 15th International Conference on
Environment and Electrical Engineering (EEEIC), Rome, Italy, pp. 950
- 955, June 2015.

[35] S.M. Muyeen, M.H. Ali, R. Takahashi, T. Murata and J. Tamura

“Wind generator output power smoothing and terminal voltage

- 12 -



regulation by using STATCOM/ESS,” in Proceedings of the IEEE
Lausanne Power Tech, Lausanne, Switzerland, pp. 1232 -1237, July
2007.

[36] S. Elham and J. Shahram, “Cost reduction and peak shaving through
domestic load shifting and DERs,” Energy, vol. 124, no. 1, pp. 146 - 159,
2017.

[37] K. Murari and N. P. Padhy, “A network-topology-based approach for
the load-flow solution of AC - DC distribution system with distributed
generations,” /[EEE Transactions on Industrial Informatics, vol. 15, no.
3, pp. 1508-1520, 2019.

[38] F.J. Zimann, A. Batschauer, M. Mezaroba and F. Neves, “Energy
storage system control algorithm for voltage regulation with active and
reactive power injection in low-voltage distribution network,” Electric
Power Systems FResearch, vol. 174, 2019.

[39] M. Shukla and A. Sekar, "Study of the effect of X/R ratio of lines on
voltage stability,” Proceedings of the 35th Southeastern Symposium on
System Theory, Morgantown, WV, USA, pp. 93-97, 2003.

[40] stvt=& 1w, 7 A AFEFAESS) HF ¥ ¥, 2019.

[41] AZFE, ‘A 7Msrg ddea A="Y &8ute #g A7, o

7] &l o efal AL 82 2020.

- 113 -



ay
o)

N

ol
B

loH

Az
%

A vhegol

Ad e} 7t2xdo=z

s

b A A mhEs

sele AZal

o)
Gl
o7

1Ho

ol
=0

o
Tor

==
"o

mK

=
=

AR )44}

NG

2

M= 7]

Nro
=y

SR EREER

™

o)
N
b

—_—

=
!

ol

;O.#
R
o

T

il

&
=

Nl
!

ol

ol

N7 A

=
=

H7b 47

ol
NI

-

o ohet 713 ol

AsE Aol oh 2

ey

o

}ar

fite)

=

;OH
3

X
o

)

- 114 -



	1. 서 론
	1.1 논문의 배경 및 필요성
	1.2 논문의 목표
	1.3 논문의 구성

	2. 복합 저압 배전계통 전압특성 분석
	2.1 태양광전원이 연계된 배전계통의 전압특성 분석
	2.2 EV 증가가 제주 전력계통에 미치는 영향 분석
	2.3 EV 및 태양광전원의 수용성 향상을 위한 배전용 ESS의 도입 방안 

	3. PSCAD/EMTDC를 이용한 복합 저압 배전계통 모델링
	3.1 EV 부하 모델링
	3.2 태양광전원 모델링
	3.3 ESS 모델링

	4. EV 수용성 향상을 위한 배전용 ESS의 제어 알고리즘 
	4.1 배전용 ESS의 제어 방안
	4.2 복합 저압 배전계통의 전압특성 분석
	4.3 배전용 ESS의 제어 알고리즘

	5. 시뮬레이션 및 수용성 향상 결과 분석
	5.1 시뮬레이션 조건
	5.2 ESS 연계 전/후의 선로용량 및 전압 특성
	5.3 ESS의 연계지점에 따른 선로용량 및 전압 특성
	5.4 부하분포에 따른 선로용량, 전압 특성 및 ESS 출력용량
	5.5 ESS의 도입용량 및 경제성 분석
	5.6 수용성 향성 분석 및 결과 고찰

	6. 30kW급 복합배전계통 시험장치 구현 및 시험결과 분석
	6.1 복합 저압 배전계통 시험장치 구현
	6.2 EV 수용성 향상에 관한 검증시험 및 분석

	7. 결 론
	참 고 문 헌
	감사의 글


<startpage>16
1. 서 론 1
 1.1 논문의 배경 및 필요성 1
 1.2 논문의 목표 4
 1.3 논문의 구성 6
2. 복합 저압 배전계통 전압특성 분석 7
 2.1 태양광전원이 연계된 배전계통의 전압특성 분석 7
 2.2 EV 증가가 제주 전력계통에 미치는 영향 분석 9
 2.3 EV 및 태양광전원의 수용성 향상을 위한 배전용 ESS의 도입 방안  12
3. PSCAD/EMTDC를 이용한 복합 저압 배전계통 모델링 17
 3.1 EV 부하 모델링 18
 3.2 태양광전원 모델링 19
 3.3 ESS 모델링 23
4. EV 수용성 향상을 위한 배전용 ESS의 제어 알고리즘  29
 4.1 배전용 ESS의 제어 방안 29
 4.2 복합 저압 배전계통의 전압특성 분석 31
 4.3 배전용 ESS의 제어 알고리즘 35
5. 시뮬레이션 및 수용성 향상 결과 분석 42
 5.1 시뮬레이션 조건 42
 5.2 ESS 연계 전/후의 선로용량 및 전압 특성 45
 5.3 ESS의 연계지점에 따른 선로용량 및 전압 특성 59
 5.4 부하분포에 따른 선로용량, 전압 특성 및 ESS 출력용량 65
 5.5 ESS의 도입용량 및 경제성 분석 75
 5.6 수용성 향성 분석 및 결과 고찰 78
6. 30kW급 복합배전계통 시험장치 구현 및 시험결과 분석 82
 6.1 복합 저압 배전계통 시험장치 구현 82
 6.2 EV 수용성 향상에 관한 검증시험 및 분석 95
7. 결 론 107
참 고 문 헌 109
감사의 글 114
</body>

