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Fig. 3.5 The basic control structure of DC distribution system.
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Fig. 3.6 Power and energy management of central control.

30



27 A7l BA A9 0 27 Rak YuE A4H BFFOEA

A9 Alel7]e] g7 AY Bl BHe Fasi, e FE54e A

E5 el ZInkg 24 Alo) 77y giFE gt =, A9 Ale)7] =9
dr g Adoly A FolE 8T F om, A Ao oA
H eRE daHor AAGEH. F 24 Aol At Ad 4l
&S S shA dvh Al Aolre WEes s s 24
F3H= ON/OFF  Aloj7h 7hbsatar, ovA 945 9 wiele] A
ZWEE T4 dEE VIR 9 A4S 29 Ee A9 HEed wE
2AELCl Thsdtth. UmA AWE Y] Bes AEHoR RPHES
sholth Al A9 9 ouyx #Hel= E ZEQ A v 54340
wEe]l AdEfel s AlolEw wiEe dEE Es] SsiA S
Ael71= MY AHE EE T Ay A

N
ot
of,
of
tlo
2,

=

jig

PV Local
sensmg controller control
values signals

i

LYY,
. L
! ‘ I NI sonsing ==+ ACLoet s
o— troll
Veat _L = S:J Cz'[ Vo.bat Critical | values controfler signals
Load

l

VUH/

“HI

T Vbat

N—]
1

= N——o—"o—]
BAT BAT Local BAT General
sensing controller [ control Coad
values signals

Different BAT ref
informations controller oad control
% 3.7 A WA A" B2 Ao] T x
Fig. 3.7 DC distribution system circuit and control structure.

31



a9 372 AR oA AA"Y g2 AT Al FxE e
yekd Zlow ok Avid ZAd JiE ABE= 24 Alol|el <
sAste weba] sYPA o AT 7 gk wiEE e dAE AWEHE

2 & 7bsst EMS Aol RERE

S A Aok B ok A9 Alelrle

-z
—O|L
IS
[-‘O
i, o
(i,
[
o
i
BN
()
%
|o
i
X
-z
—O|L
s
AC)
kit
N
olr
%
o
J 0
o
i)
4

>
[

T
1o

Y
o
rO
>
R
o,
)
do

= = O
dd s F

o
EF S Aol WA A wel ZIHksto] AlAHEl AojE A%
ojeldt e AL Haf BEo] HHAOR AoEHHEA AY 43S
ol F UEF gtk wEpd A Aofr]e 7|E dEe ¥ 389
ety ol AAE HA A gl wet s&s dAss Zo® DC
Bus Signaling (DBS) %ol 7] ®EstTH40].

»

3

-\\ State 1

\\ State 2
\\ State 3
\

L]
L]
L[]

Bus voltage

Source1 &

S 1
ouree Source 2

»

»
Load current

719 3.8 DC bus signaling .
Fig. 3.8 DC bus signaling method.

32

I'\.
T L,

.-"\.\.I-I'



ojiy

it
7

i

7}

o
N

gile] wep A

_c'q

29
52
7

ol
a2
744

0

=
an

4

™
=

9]

El

3

9

)

=
jis

% ZF
[e)
ﬂ

&l

=
=

el we}
e} 7
ar] o]

J

¢

KN

g vl &
1A s Eofof

o]
o e

15

°
T

L=
T

s 7 AW

D7t ARE RS

o
ﬁo
)

alo

el
T
&

o

)

—_
fite)

ojiy
%o

o]
e

2

==

‘]

S
fay

Fige

171 =

I<]

Fol, wheb AR
CRE

°©

T
o
o=

2]

=13

&
faus

ol
_]

sg g

29 wgol o

Eix

1

o
Ry

=

]

H

5 &

g

O
RS

A 34

ol

H] &

X

—_—

0
NI

i+

-

0]
gl

sl
.

o

]

o

P
T

i+
1%

8

&

o

b whepq =

=z}

[e

tolck webd 7t

[}

st

S

ZIHE 2
ZARCCN S

|= ST !
7N

= z}

“ h
A A 2}

33

ZIHEH <
of wpz} Ao} R=7F 19 3.99 o] 4

-

ha

AE AWE 7 51



_________________

Grid repalr E

_________________

SOC > SOCmin soc > SOCmax

opod @ fo @y oo}

Grid fault

N
I

Normal

operation SOC < SOCmin  SOC < SOCrmax ‘

ACbus AC-DC ESS DC-DC

Vbus <= Vthz and
SOC < SOCmin2

[}
[}
No@)o
[}
| __
| Vbus > Vth2 O‘T
PV DC-DC FC DC-DC . SOC>SOCmin2z )

____________ ’ N Load
I’ Vbus > Vin \I 1 Vbus <= Vihy |
] ! !
| ah ] | 7N !
| \/ ! ! I
! Vbus <= Vih ! : M' :
____________ / \ SOC > SOCmin J

a9 39 M REY w4 R WA 2.

Fig. 3.9 Conditions of the operational mode transition for individual modules.
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Fig. 3.10 V-I characteristic curve of individual converters for DC distribution system operation.
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Fig. 3.11 The operating point and power sharing according to the change of EMS command.
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Table 3.2 Relative rate of peak power for manufacturing

Al 7Hd) 0 1 2 3 4 5 6 7 8 9 10 11
easl

. 854 | 859 | 86.6 | 86.0 | 856 | 849 | 86.7 | 925 | 110 119 119 118
A %]

Al 7Hd 12 13 14 15 16 17 18 19 20 21 22 23
e

b 104 114 119 117 115 107 102 | 986 | 95.1 | 91.8 | 89.6 | 889
A [%]
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Fig. 3.12 Load profile model during a week.
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Fig. 3.13 Power flow in DC distribution system.
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(l)load (t) - })pvidc (t) - I)batidc (t))/ngrid 4 l)grididc (t) 20

(3.14)
(Pload (t) - vaidc (t) - Pbatidc (t)) : ﬂgrid b Pgrididc (t) < O

Pgrid (t) = {

¢

As= &3l =4

O

Fe dE oA AGas)gk 2ol AwE] & 1 gl

F, id_min < grid (t) < Pgridimax (3 . 15)

grl

dx A wdom Qg AYe Wi v EEEH Ak ARk

60 [won/kWh] : off-peak time (10pm-7am)
=<120 [won/kWh] : mid-peak time (7am-11am and 5pm-10pm) (3.16)
180 [won/kWh] : high-peak time (11am-5pm)

C

elec

46



3.3.2 Y= & HZH 3

O™ 3.1400

MEE

<
s

e

Apo]E el M= A
7}

g
3

o] ./‘3\40] I

PN
T

o)
=

Itk 13 3.14¢04

o

Tl

]

e R e

e wo

}

¥ % EMS

=
==

2

At}

= 7

3 74

|
&

=
-

!
el
o
BO

jans
gl

718 @Al = 7hA RS E AW Aol

2 9% =

EMS

bR, wiE g

S

Ao} ¥

el

of @AM = Azt t

A A,

START

real time optimize

ermination?

<Initialization>

I
v

B
&
AG
SO
ms
38
2
v Q%
vV =
3
[
+
I
&
o
=0
(7]
N
o
Eo
. 3
oa
v
y
£ £
g w L3
me o - A
[ LI
2 E o e 2
SIS [ )
[ R
3 °® Ks8
s ves
\ Q

a9 3.14 YA 2A

Fig. 3.14 The process of EMS for energy scheduling.

47



ASEANAE A7 IAATE N Faht AAA A )

LAFS S8 o] WA AY A A" v Fad 24w

NEAA AAD IE WE FAG FE A FFHE wolFi

5k ANN

o

AR (auto regressive) WHlS AlZo% w23 F&3t 55 9T

o

(artificial neural network) =+ SVM (support vector machine) 7% T}eFsh
% WHEe]l AFE rh74], [79]-[82]. AEgt o5 daE]Fel
et e & =2 FAE dolA7] el L8 exf He el A
Ao Z o] Fojvkal Hgsta HA3}F dg S AT

A3k [83]0l4 ey A AEAQ At hdE A AR
(dynamic programming, DP)= &3l 243t
0 SOCE fAstes AAlE™ ol 44
Axzro 7 ST

A 3pel] e AT AW vkt

() 54 A=

4 AGYS AFA R d&5d Aoy gdAAQd =AY dd=

olgalA 7t @Al Adeks thikA alAwel WERE fi(y.u) =

24 A koM Abgska 23173 Zo] o]t Alzbe] HEjR Rdd

48



o},
xk+l :f;c(xkauk) (317)

o W k=0,1,...N-1 o]¥ AAAFE b3t o] xdE - Stk
7[={uo, Uy oo s uN_l} (3.18)

ol A AIE Al g AG.19)sh o] vehd % gk
J,00) = Ly (i) + 3 L (o) (3.19)

of Wl N T G F, Lz MG AN HAT v &dFE rl3

whebd 24 ) AA vl go] Havh Hi Zoln

o
ne

ofo
o

J" (x,)=minJ_(x,) (3.20)

AT AW ML 7 ={ug u), uyf o1 AGE2DT o] A W] gol

i)

hilns

Z N @A7A o2 RE AR v &S 39 ZAZ o] Atetn

AA wgo] 7 AAYG Be ARE: A AR 2FE 9ok

HE AR A4S HFT @A N AFeE Fel o8 =Esh
upA et A A S (x,) 7F A BT

uy = argmin(L (x0) + 7y (; O50) (3.22)

AuA #efe] HAgs M E soce] AErE Aol Werh 2 F

Slem Bl gghes A7) ARE gt BAE A a9 30590 22 3

B B4 A A gol b,

o

49

,-:'ﬁ-! _CI_‘.I_ ]-ll e



SoC SocC

levelf level
(XX 2 £ \
L T SN ZEaN
SR o I e
N Xl L DN
AN T TP N PR T T B time Ll 11y time
H0) t(1) t2) t3) i) ti+1) HN-3) tN-2) tN-1) tN) index o) 1) t2) #3) t) Hi+1) tN-3) tN-2) t(N-1) ¥N) index

¥ 315 ouA A HASE A% F A AL
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3 34 oUA e ke mE ouA 4n ¥ & HE Ha
Table 3.4 Comparison of the energy consumption and operating costs according to energy
management strategy

w/o DP EMS using DP Improvement
D
Period i?;gd Utility Operating Utility Operating
[kWh] consume Cost Consume Cost Energy Cost
[kWh] [1000 KRW] [kWh] [1000 KRW]
Jan. 249 243 28.4 257 26.2 -5.5% 8.4%
Apr. 227 187 20.3 189 19.6 -1.1% 3.6%
Jul. 251 224 254 226 24.6 -0.9% 3.3%
Oct. 226 201 22.5 203 21.2 -1% 6.1%
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Fig. 4.3 Small signal block diagram of MPPT control mode for PV converter.
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vg A
G = SvaI/dc
id A
I+sr, C
Gvd = de S

: Solar array current to inductor current

: Solar array current to input voltage (Array voltage)

: Output voltage (DC bus voltage) to inductor current

: Output voltage to input voltage

: Duty cycle to inductor current

: Duty cycle to input voltage
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Fig. 4.16 Small signal block diagram for ESS converter.
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Fig. 4.18 Equivalent of inverter mode.
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Fig. 4.19 Small signal block diagram of inverter mode.
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Closed-Loop Output Impedance, Zo,, o
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Fig. 5.5 Bode diagram of output impedance according to operation mode of PV converter.
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Off-MPPT, Load step change 2A->3A
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ESS converter Zo with droop gain, Kd
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rid connected converter Zo
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Fig. 5.9 Bode diagram of output impedance according to operational mode of AC grid
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Fig. 5.11 Bode diagram of the constant power load impedance.
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Fig. 6.1 Configuration of the experimental setup.
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Table 6.1 Device specifications of the experimental setup

=1 44
PV TerraSAS OCV 150 V/SCC 14 A
(Emulated PA panel) / BOB Enterprise Max. power: 1800 W
42V -27V,31 Ah
KBM216P Li-polymer cell
BATTERY 56S1P (5624, 1 )
/ Kokam )
Charge/Discharge power
6 kW(continuous)
Ha BAE > =
pv AME 2¥E FAE Ho a9 2kwW
AN g L=1 mH, f;,,=50 kHz
B2 orHldE W 2 %
ESS ZAH E %ﬂo% 56 % = A 24 2kwW
BAE AWE L=1 mH, f,,=50 kHz
oku}EE TRAF 5
AC 7AW oo @ Y Ho] A4 1kwW
H-brige 71 H E L=3.3 mH, f,,=18 kHz
. 3361F 0-500V,0-40 A
Electronic Load / Prodigit Max. 1200 W
Resistor Load A% 108 Q
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Fig. 6.2 Photo of the experimental setup.
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Fig. 6.5 Voltage and current waveforms on MPPT mode according to solar intensity.
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Fig. 6.6 Voltage and current waveforms on off-MPPT according to load step change.
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Fig. 6.7 Experimental results of battery discharging current reference tracking.
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Fig. 6.9 Experimental results of load step change on autonomous control mode.
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Fig. 6.10 Experimental results of the DC bus voltage control mode.
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Fig. 6.11 Experimental results of load step change on DC bus voltage control mode.
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Fig. 6.12 Experimental results of load step change on DC bus voltage control mode with
offset controller.

181

( ’H =

L

-]

]| '@}

TUl



5.00 A/div| 100 Vidiv| 1.00 Addiv
10.000 Aj -400.0 V ofs| -4.000 A ofst

0% 613 wF WAo 53 eH BE 5A 4 A

Fig. 6.13 Experimental results of the stand alone mode for AC bus.
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Table 6.2 Operational Modes of each converter

AC W E PV Z1HE ESS Z1H]E]
State Control State Control State Control
1 Vpc 1 MPPT 1 Auto
2 Vac 2 Off-MPPT 2 EMS
3 Failure 3 Failure 3 Failure

183

.-"\.\.I

T i e
:-_'- ]"h.



i : state of AC converter

Jj : state of PV converter

k: state of ESS converter
a9 6.14 AAE T2 REO] AHH HolE,

Fig. 6.14 State transition diagram of operational modes.
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Fig. 6.15 Experimental results of load step change on State 111.
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Fig. 6.16 Experimental results of battery charging/discharging power reference on State 112.
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ABSTRACT

Recently, interest in distributed generation using renewable energy sources and
energy storage systems has been increased due to the depletion of fossil fuels,
environmental issues and the requirement of electrical energy reliability. To utilize
multiple energy sources and storage systems effectively, the techniques for easy
integration and effective management are needed. The power electronic based DC
distribution system makes easy integration and has a potential for improved system
efficiency. Thus, it is asserted to be an alternative of current AC distribution system.

The researches for DC distribution system have been focused on evaluation of
effectiveness, topologies and control for single power sources system. However, to
maximize the benefits of DC distribution system and to spread it, configuration for
multiple sources has to be studied and characteristic of each source has to be
considered for control strategy. Although reliability or power quality is very
important, the research on it is insufficient. Because multiple resources are
integrated through converters, reliability analysis with regard to interaction of
subsystems and stability is essential.

Therefore, in this dissertation, features of DC distribution system including
renewable energy source and energy storage system are compared with AC
distribution system. To study integration issues of a DC distribution system,
configuration and operation of DC power system are presented. To address efficient
management and uninterrupted power supply, two-level hierarchical control strategy

is proposed. To manage stored energy economically within autonomous system,
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central control-layer which is implemented through low bandwidth communication
interface commands charging/discharging power scheduling. Each converter
operates independently by local control-layer which performs scheduling instruction
using indirect droop method. Thus, converter can transit mode autonomously
according to conditions, it results improved reliability of a power system and
maximized utilization of renewable resources.

As a part of reliability study, the small signal models to design controller and to
analyze the stability on various operational mode are derived. Based on these studies,
guideline to resolve the sub-system interaction and to assure the bus voltage stability
is presented, even through complex configuration composed of parallel-connected
different resources. In addition, fault analysis, effect on power quality and practical
issues for DC distribution system are discussed. Simulations and experiments are

performed to verify the effectiveness of the proposed structure and control algorithm.

Keywords : DC distribution system, Renewable energy source, Energy storage
system, Distributed system control, Energy management system, Small signal
modeling, Stability analysis, Microgrid
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