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Abstract

This paper proposes an operation strategy to optimize the day-ahead scheduling of
hybrid AC/DC microgrid (MG). The strategy schedules its resources, such as distrjbuted
generators, AC/DC battery energy storage systems to minimize the operation W
increasing the system reliability. Moreover, an energy management syst
developed based on centralized optimization framework, which is used td o
MG operation in grid-connected mode. On the other hand, thg EMS ai i
load shedding amount in both AC and DC sides in i mode. S study, the
operation of hybrid MG under different connectionfailure cenario&? 0 represented.
The results illustrate the effectiveness of the strf r dif W eration modes of
hybrid AC/DC MG. \
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1. Introduction K s\\
The increasing use of re le distri @generations (RDGs) in low voltage AC
distribution network is studied due to ental issues. In order to integrate RDGs in
ncept of ‘Micvogrid (MG) which is defined as a small-scale

the distributed system,

power system has be@velope many countries [1, 2]. Nowadays, the use of DC
resources such as M oltai nd fuel cells (FCs) have been increased in recent
years, whici DC pom consumers. The DC/AC converters are required to

connect thdSe résources.n nventional AC system. Besides, more and more DC loads
are introduceein the c onal AC grid such as electronic lighting, electric vehicles
(EVs), and inform chnology (IT) facilities, which results in the installation of
the AC/DC conv serve DC loads. Therefore, the integration of DC resources, DC
loads in the co@mal AC MG, which leads to the increase in the number of DC/AC,
AC/DC conyertebs. It will result in a more complicated system and increase the number
of point ar€\diture, the operation losses. However, the conventional AC demands also
require theexisting AC resources. In order to take the advantage of DC and AC systems,
pts of hybrid AC/DC MG have been developed recently. Like the conventional
, hybrid MG can operate in both grid-connected and islanded modes. In grid-
conhected mode, loads can be fulfilled continuously by its resources and the
buying/selling power from/to the utility grid [3]. However, the MG has to fulfil its loads
by its own resources in islanded mode. Load shedding strategy is implemented due to the
unbalancing between supply and demands in this mode. The impacts of island load
shedding strategies in autonomous MG have been analyzed in [4, 5]. In hybrid system,
the AC and DC subgrids are developed along with an interlinking converter which is used
to transfer power to each other. It can directly supply both AC and DC loads. In [6], a
hybrid AC/DC MG model considering the integration of RESs and plug-in hybrid electric
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vehicles (PHEVS) has been suggested. The investigations into power-sharing issues of a
hybrid MG have been introduced by [7, 8]. However, the above researches did not
propose the day-ahead scheduling under connection failure states such as grid-connected,
islanded modes, and the failure of interlinking converter. Therefore, this study forces on
the impacts of connection failures to the day-ahead scheduling of hybrid MG. The
operation mode of battery energy storage systems (BESSs), interlinking converter, the
amount of load shedding, and the amount of buying/selling power are proposed in each
case to operate MG in economic way.

In order to implement the proposed operation strategy for hybrid MG, an EMS is
developed to operate the MG for maintaining the power balance with minimization of
operation cost. The EMS architectures are grouped into centralized, decentralized, or
hybrid EMS [9, 10]. The centralized EMS architectures have been introduced by several
researches. A centralized EMS (C-EMS) based on predictive control approach has been
suggested by [11] for isolated MGs. In [12], a multi-stage optimization-based C-EMS for*
MG operation in islanded mode has been proposed. An operation strategy fo
MGs operation in difference policies of a real-time market has been sug
based on a centralized controller. A hierarchical EMS has begen propos
on multi-agent system for multi-microgrids (MMGs) op% ‘Wwhereds

nested EMS for day-ahead scheduling of MMGs. Eac S has it antages and
dnagemerty is” the most cost

disadvantages. According to [15], centralized energ

efficient EMS. Therefore, in this paper, a mixer Iinea\ am (MILP)-based

model for centralized energy management hag.been developed fer optimal hybrid MG

operation. The developed model aims to e the ion cost. Moreover, four
e

different connection failure scenarios are @ d to propese the best case for normal
operation while the system can operateée WO@R@
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Figure 1. Test Architecture of Hybrid AC/DC Microgrid
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2. Hybrid AC/DC Microgrid Model

2.1. Configuration and Components of Hybrid AC/DC Microgrid

Figure 1 depicts an architecture of hybrid AC/DC MG. It comprises of an AC subgrid,
a DC subgrid, and interlinking converters. In the AC subgrid, it is composed of DGs, PV,
BESS, and AC loads. Similarly, the DC subgrid is composed of FCs, wind turbine (WT),
BESS, and DC loads. In order to link AC/DC subgrids, an interlinking converter system
is used. Therefore, the surplus/shortage power in both AC/DC sides can be shared to each
other by using the converter system. The hybrid MG can be operated in both grid-
connected and islanded modes. In normal operation, the hybrid microgrid is operated in
grid-connected model. In this mode, the system can buy/sell power from/to the utility
grid. On the other hand, the system has to be maintained power balance in both AC and
DC sides by using its own supplies in islanded mode. Moreover, load shedding s@.

could be performed to ensure the power balance in the entire system.
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Figure 2. Proposed Operation Strategy of AC/DC Microgrid

A centralized EMS is developed to implement the operation strategy. It gathers all
information from each component by using communication network. In each interval of
time, the EMS decides the operation of each component in the system, the amount of
purchasing/selling power from/to the utility grid, and the amount of power sharing
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between AC and DC sides. The objective of the EMS is to maintain the power balance in
both of AC and DC sides while ensuring the minimization of total operation cost of the
entire system.

2.2. System Operation Algorithm

Figure 2 depicts the flow chart related to operation of hybrid AC/DC MG. The
proposed algorithm operation aims to operate entire MG along with minimization of
operation cost. Firstly, the information from all components are sent to EMS via
commination network, which is taken as inputs. EMS performs optimization with its
received information. The amount of shortage/surplus power is determined by checking
power balance in each side. In grid-connected, the shortage/surplus power is considered
to exchange with other sides or the utility grid based on market price signals. On the
other hand, in islanded mode, the system is operated without the utility grid. Therefore,
the demand has to be fulfilled by its own supplies. In peak-time, all supplies cannoW’
their loads. Therefore, EMS has to decide the amount load shedding to maiRtain, the
power balance in the system. Finally, the optimal operation values are i to all
participating components.

In normal operation, the MG is operated based on the
during one interval of time period. Whenever any fail

informed to EMS. The system information WI||' Similarly, EMS
reschedules considering updated data and info Il co W along with new

schedules. Figure 2 summarizes the step- by procedu 0 carry out one round of
optimization.
2.3. Mathematical Model of hybrid

This section describes the ed MIL&d mathematical model of hybrid
AC/DC MG. The proposed % s to ize the operation cost of entire MG. The
cost objective function is desc |ch includes costs associated with fuel

consumption, start-up, sh@wn ano\&e exchange.
mmzz CDG PB\\H Csu * SDDG)+ > Z(CFC PFtC ‘25 CjUFC +kjt _CjSDFC)
iel teT Q jed teT )
4 Z PR, sw@u + Z pen, Shed »c PShedAC + pen, Shedpc PShech ) 1)
teT )b teT

The first ter Q represents the cost of DGs that is composed of operated, start-up,
and shut-down S of all DGs in AC grid. The second term describes the cost of FCs in
DC grid.%hlrd term demonstrates the cost/benefit of purchasing/selling electricity
from/to ility grid. The last term represented the penalty of shedding load in AC and

DC @ :
constraints of hybrid AC/DC MG that are grouped into AC grid constraints, DC
onstraints, and interlinking converter constraints. These constraints are explained in
the following sections.

2.3.1. Constraints for AC Side

The operated bounds and on-off mode of DGs are represented by (2), (3). Start-up
status and shut-down status of DGs are defined by (4), (5), respectively.

Uiy - piDGmin < Pi"?G <uj .PiDGmax VielteT ()
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e{O,l} VielteT 3)
Xt = max{(ui,t _ui,t—l)’o} VielteT %)
Yig = max{(ui,t—l _ui,t)'o} Viel,teT (5)

The balance of supply and demand is given by (6):
PtPV 4 Z PI?G 4 P[Buy 4 P[B;C 4 PtReCDC 4 PtShedAC _ PtLoadAC 4 PtSeII 4 PtBXC 4 PtSench

iel

VteT (6)

The constraints associated with AC-BESS include the following: 0;

X .
0<R% <P .(1-s0CH )- ! vt 7
Bac t-1 1- LB;C Q
0< PR < péacp .SOCtB_Aic (1 LBx) O w ®)

SOCtBAC _ SOCtBA:\[C _%ap_(m_ PBAC PBA 0@0 J \@ YteT (9)
Bac -

0<S0CH <1 \6\ s&@ vteT (10)

Constraint (7) and (8) re;&% e max chargmg/discharging of AC-BESS. The
SOC is updated in each interval of ordlng to (9). Constrain (10) enforces
operated bounds of AC-

2.3.2. Constrai C Si %

Slmllarl nstrai r operated bounds, on-off mode, and start-up/shut-down
status of F repres (11)-(24), respectively.

FChi FC
Vj,t.P. min Spj,t <

j max Viel,teT 12

VieldteT 12)

z. &v” —vj’t_l),o} ViedteT (13)

Kijt :max{(vj,t—l_vj,t)!o} VjelteT (14)

Constrain (15) is power balancing for DC subgrid:
RWT i Z Pj',:tc +PtB'5C +PtReCA° 4 PtShEch _ F,tLoadDC +PtB,‘5c +PtSendAC vteT (15)

jed

Maximum charge/discharge rate constraint of DC-BESS is given by (16), (17):
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By c B 1
0< R <pL* .(1— soc e ) — vteT (16)
0<R®e <PF*®.S0CH - (1-L°*) vteT )

The amount of SOC in each interval of time is calculated by (18). Constraint (19)
represents operated bounds of DC-BESS.

soce =soc e ——Cl —— -RBoc _pBoc (1 Bx) vteT (18)
P \1- B
DC
0<S0CPe <1 vteT (19)

0

2.3.3. Constraints for Interlinking Converters

The role of interlinking converter is to share power between AC @ sides.
Equation (20) presents the constraint of maximum op hqxo‘f con@ he power
balance in converter is enforced by (21), (22).

0 < PReCDC PSendDC PRecAC PSendAc < PC(i)anF\)/ener (20)
Rec Send Q ¢ 6
0<B™™ =7cometer "B ° S O \ vteT (21)
\ . \Q'
0< PtRECAC = Tlconveter * PtsendDC &\ vteT (22)

3. Numerical Results A \0\6

3.1. Input Data
In this study, th & sed model is demonstrated on a test hybrid AC/DC

MG. In this sys e AC bus 1 V, 1 DG, 1 BESS and AC loads. Besides, DC bus
has 1 WT > 1 nd DC loads. The analysis is conducted for a 24-hour
scheduling on and me of interval is set to be 1 hour. The market price signals,
RDG outputs, and | iles are depicted in Figure 3.

150 Buying p@(ncn cost in DC side| PV output WT output 100 AC Load DC Load

1704« Selling price o+ Gen, cost in AC sidke

&0 &0 -

404 500+

kWh

160 :
150 ATy
149 LS 400-
! S 300
2 4 6 8B 101214161820 22 24 2 4 6 8 1002141618 2022 24 2 4 6 8 10121416 18 20 22 24
Interval (howr) Interval (howr) Interval (hour)

(@) (b) (©
Figure 3. (a). Market Price Signals and AC/DC Side Generation cost

(b). Output Power of Renewable Distributed Generations
(c). AC/DC Loads

The parameters of DG, FC, and AC/DC BESSs are tabulated in table 1, 2,
respectively. The capacity of interlinking converter is 500 kWh along with 2% of
transferred loss. All numerical simulation results are coded in Java and solved using the
MILP solver CPLEX 12.3 [16].

wonkWh
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Table 1. Generator Parameters

AC Side DC Side
Parameters -
Diesel Generator Fuel Cell
Min. (kwh) 0 0
Max. (kWh) 500 400
Start-up cost (KRW) 300 250
Shut-down cost (KRW) 200 200
Operation cost (KRW)/kWh 145 150

Table 2. AC/DC BESSs Parameters

BESS parameters
Subgrid | Min. | Capacity | Initial | Char. Loss | Dis. Loss | ?\
(kwh) | (kWh) | (kwWh) (%) (%) Q
AC 0 200 50 N .
DC 0 150 50

Four scenarios have been considered and compa @ is study as Teflows:
a. Normal operation (case 1): the system normN eration with grid-

b.
C.

d.

connected mode.
Islanded mode (case 2): the system i@ed in is mode.

Failure of interlinking converters’(x ): theresis nO power sharing between AC
and DC sides. However, AC b xch Q’er with the unity grid.

Failure of interlinking con r§“and isa mode (case 4): This is the worst
case. The system is s ly divided into AC, DC grids. These grids are
independently operatéehintislanded

The operation of 4 sce&ios will b%\' d and compared in the following sections.

.Q

N

<>§\é®‘0
Qo)

<
o~

Q)O
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3.2. Hybrid AC/DC MG in Normal Operation

In this mode, a day-ahead scheduling of the hybrid AC/DC MG has been proposed
with minimization of total operation cost. In each interval of time, the output power of
RDG units are firstly used for reducing the operation cost. The generation power are
determined based on the comparison of generation costs and market price signals.
Interval 1-6, the generation cost is less than market price, the system will buy electricity
from the utility grid instead of operating generators. On the other hand, the system will
sell surplus power with high marker price such as interval 10, 13. Charging/discharging
amount of AC/DC BESSs are decided to maximize the benefit in the system. Interval 5,
in low price interval the power is fully charged to BESS and discharged on higher price
intervals (10-14, 17-20). Finally, the amount of purchasing/selling power is determined to
fulfill loads in the system. In this mode, the interlinking converter is used to share the
cheaper resources between AC and DC sides. The day-ahead schedules

components are summarized by Figure 4. Y~
Table 3. Load Shedding in the System for leference c@z

‘ Load shedding in AC side \) sh@ddM DC side
Casel | Case2 | Case3 | Case 4/ 1 Gase N/Case3 | Case4
1 0 0 0 0 NJo [NV o0 0
2 0 0 Q (ly O 0 0
3 0 0 0 C§§ 0 {" 0 0 0
4 0 0 0 AN 0 N 0 0 0
5 0 0 O o%N>No 0 0 0
6 0 0 OB c; N0 0 0 0
7 0 0 0 . LN\ 0 0 0 0
8 0 O% N0 0 0 0 0
9 0 Au& K 0 0 0 0 0
10 0 . A\N'O \Q‘o\ 0 0 0 0 0
11 | ~\} o Vo 36 0 0 0 0
12 [\0o 0 0 15.36 0 0 0 0
13 0 o 0 0 0 0 0 0
14 0 ‘p'/a‘b.ss 0 12 0 14 14 14
15 N o 0 0 0 0 10 10
16 - 0 0 0 0 1.42 22 0
17 0 0 0 0 0 |2326| 36 0
0 36 0 36 0 385 | 225 0
‘@9‘ 0 103 0 103 0 0 0 16.5
20 0 0 0 0 0 0 0 64
21 0 0 0 0 0 0 16 16
22 0 0 0 0 0 0 0 0
23 0 0 0 0 0 0 56 53.29
24 0 0 0 0 0 0 63.29 66
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3.3. Hybrid AC/DC MG Operation under Different Connection Failure Scenarios

In this section, a comparison of the mentioned scenarios is represented. The load
shedding amount, the operation of AC/DC BESSs, and the amount of power sharing are
determined and compared in each case.

3.3.1. Load Shedding in MG

In islanded mode, in order to balance supply and demand, the load shedding is
necessary to make power balance. This study proposed the operation strategy to minimize
the amount of load shedding in AC and DC sides. The amount of load shedding in the
cases are shown in table 3. In case 1, the system operates in grid-connected mode. Hence,
there is no load shedding. However, in case 2, 3, and 4, in peak-hours the system cannot
fulfill its loads by its own supplies. In these cases, load shedding algorithm has to be
performed to ensure power balance. As can be obtained from table 3, case 4 is the Wor: ¢
case for operation of the system. The amount of load shedding are decreased in .3
due to power exchange with external grids.

3.3.2. AC/DC battery Energy Management System Opxw(%
The AC side BESS operation for the 4 cases are It can be

observed from Figure 5 that BESS has been fuIIy ‘ n loyver pri mtervals Case 1
and 3, the AC bus is operated in grid-connected mad herefo%ﬁESS is operated in

economic way to maximize the system benefi shown in Jfigure’5 (), (c). On the other
hand, case 2, 4, BESS is operated in is@mode se cases, BESS aims to
minimize the total load shedding amo shown re 5 (b), (d). In peak-hour
(interval 18-22), the demand cannot |IIed |ts own generators. Therefore,
BESS is charged surplus power f@ peak i s (13-17) and discharged to peak
intervals.

Similarly, the operation 0 —BESS is nstrated in Figure 6. In case land 2, DC
bus is connected to AC bus,by using ng converter. The DC bus can sell/buy the
surplus/shortage po from A us for minimization of operation cost.
Charging/dischargi %unt of S is depicted in Figure 6 (a), (b). In case 3, 4, the
DC bus is in aut us mo € BESS is operated to maintain the power balance in

the DC gric@ g/discharging’amount of BESS is shown in Figure 6 (c), (d).

G— BESS discharging 2007 —Oo— BESS discharging
o BESS charging o- - BESS charging

150 150
100 1004
O\
50 /]
O,

-50 4

200

kWh
o

-100 4

-150 4

T T T T T T T T -200 T T T T T T T T T T T T
2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24

Interval (hour) Interval (hour)
(a) Case 1 (b) Case 2
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. . * .
Figure 5. AC Side Battery Energy Managenﬁystem@atlon
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Figure 6. DC Side Battery Energy Management System Operation
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3.3.3. Power Sharing by Using Interlinking Converters

The amount of power sharing is shown in Figure 7. In grid-connected mode (case 1),
the amount of power sharing is decided to share the cheaper resources for minimization
of total operation cost. In case 2, the hybrid AC/DC MG is operated in islanded mode.
The system cannot exchange power with the utility grid. Therefore, the amount of power
sharing is decreased to minimize the load shedding amount as well as operation cost, as
illustrated in Figure 7 (b). In case 3 and 4, the connection between AC and DC sides is
broken. Hence, the amount of power sharing is zero, as shown in Figure 7 (c).

5004

or hmnt fi

2004

*
600 - Power \h;nfn;.: from AC 10 DC 250+ Power sharing from '“. to IX» 100 Power sharing N
. v Power sharing from DC 10 AC . Power sharing from DC 1o AC Pow AC

40047 150"

3040 100
200 50 \A
1044 0
| e e %0
<100 Lepmemymemymryy= S T, ) —— e N \
246 81012141618202224 246 8101214 4 6 S1012141618202224
Interval (hour) hour) Interval (hour)
(a) Case 1 a e?2 \ (c) Case 3, 4

Figure 7. Power Sha{ \y U?\n@frlmkmg Converter
4. Conclusion AQ

In this study, a strategy fer optimal @anagement in hybrid AC/DC MG has been

kWh
kWh

proposed. In grid- con ode, the system is capable of trading surplus/deficit of
electricity with t ty* grid. T- C and DC subgrids can share theirs resources by
using mterlmkm erters eyeloped EMS is to minimize the operation cost of

hile the amount of load shedding in islanded mode.

system of different connection failures have also been
069 amount of load shedding, the AC/DC BESS operations, and
the amount of powe ring are compared in each case of failure. By the comparison of
four different s, the best operation mode is chosen for normal operation. In

failure cases, t eration mode of BESSs and interlinking converters are proposed for
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Nomenclature

Sets
T

|

J

Constants
CiDG , C;:C

SU SU
Ci DG 'CJ FC
CSPos - SDke
1 ')

PR[Buy' PRtSeII
I:)IPV ’ PtWT

Load ac Loadpc
RO™R

shed pc

shedpe
pen,

. pen,
LB/:C LB;C
LBSC LBI;C

Cap Cap
PBAC 'PBDC

Cap
F>Converter

Mconverter

Variables
Uit Vit

DG LFC
Pi,t ' Pj,t

PBuy PSell

t 't
B, Ba
RoAc, R

N _
RBDC , RBDC

ReCpc
R

eNalac
t
pSheduc @kc
QOC

C

Set of time intervals.
Set of diesel generations.

Set of fuel cells.

Production cost of DG unit i, FC unit j.

Start-up cost of DG unit i, FC unit j.

Shut-down cost of DG unit i, FC unit j.

Buying/selling price at t.

Forecasted output of PV cell & wind turbine.

AC, DC load amount at t.

Penalty for AC, DC load shedding a
Losses for charging/discharging @ ES

N
v

Losses for chargmg/dlschar§of DC B
Capacity of AC and DC

Capacity of interli

EfflClencw

On or ®0de of

ation am

Char

m@;\\@

D@l and FC unitj att.

of DG unitiand FC unitj at t.

Quymg/sellm)wer from/to the utility grid at t.

charging power of AC BESS at t.
/discharging power of DC BESS at t.

eiving/sending power from/to DC subgrid at t

F,RecDC I:,SendDC & .
t vt
Receiving/sending power from/to AC subgrid at t.

Load shedding amount in AC and DC subgrids at t.
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